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Abstract. High spectral resolution (0.003 cm -_) infrared solar absorption measurements

of CO, C2H6, and HCN have been recorded at the Network for the Detection of

Stratospheric Change station on Mauna Loa, Hawaii, (19.5°N, 155.6°W, altitude 3.4 kin).

The observations were obtained on over 250 days between August 1995 and February

1998. Column measurements are reported for the 3.4-16 km altitude region, which

corresponds approximately to the free troposphere above the station. Average CO

mixing ratios computed for this layer have been compared with flask sampling CO

measurements obtained in situ at the station during the same time period. Both show

asymmetrical seasonal cycles superimposed on significant variability. The first two years

of observations exhibit a broad January-April maximum and a sharper CO minimum

during late summer. The C2H6 and CO 3.4-16 km columns were highly correlated

throughout the observing period with the C2H6/CO slope intermediate between higher

and lower values derived from similar infrared spectroscopic measurements at 32°N and

45°S latitude, respectively. Variable enhancements in CO, C2H6, and particularly HCN

were observed beginning in about September 1997. The maximum HCN free

tropospheric monthly mean column observed in November 1997 corresponds to an

average 3.4-16 km mixing ratio of 0.7 ppbv (1 ppbv=10 "9 per unit volume), more than a

factor of 3 above the background level. The HCN enhancements continued through the

end of the observational series. Back-trajectory calculations suggest that the emissions

originated at low northern latitudes in southeast Asia. Surface CO mixing ratios and the

C2H6 tropospheric columns measured during the same time also showed anomalous

autumn 1997 maxima. The intense and widespread tropical wild fires that burned during



thestrongE1Nifio warmphaseof 1997-1998arethelikely sourceof theelevated

emissionproducts.
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1. Introduction

The purpose of this paper is to report and interpret a time series of measurements

derived from high resolution (0.003 cm l) infrared solar absorption spectra. The

observations were recorded between August 1995 and February 1998 with a Fourier

transform spectrometer operated at the Network for the Detection of Stratospheric

Change (NDSC) [Kurylo, 1991; URL: http:/climon.wwb.noaa.gov] station on Mauna

Loa, Hawaii (latitude 19.5°N, 155.6°W, altitude 3.4 km). The 3 molecules analyzed are

CO, C2H6, and HCN. The infrared spectroscopic observations sample a broad altitude

region with maximum sensitivity in the upper troposphere. We report partial column for

the 3.4-16 km altitude region. This region corresponds approximately to the free

troposphere above the station. The seasonal variations of the partial columns are reported

and compared with each other, previous measurements, and model calculations.

The molecules included in this investigation are important indicators of tropospheric

pollution and transport. They are released at the surface and have mean tropospheric

photochemical lifetimes of about a month for both CO and C2H6 [McKeen et al., 1996,

table 1] and about 2.5 years for HCN [Cicerone andZellner, 1983]. Table 1 lists the

most important sources for each molecule. As highlighted by this table, biomass burning

is an important source for all 3 gases. The lifetimes of CO, C2H6, and HCN are relatively

short so that they undergo significant seasonal variations that contain important

information on the regional distributions of sources and sinks and their variations with

time. Carbon monoxide and nonmethane hydrocarbons such as C2H6 are also important

03 precursers. All 3 molecules have strong infrared spectral features that are readily



measured by solar absorption spectroscopy [e.g., Rinsland et al., 1982, 1998a; Mahieu et

al., 1995, 1997; Notholt et al., 1999].

The Mauna Loa facility is a well-instrumented, high-altitude station for monitoring of

atmospheric constituents, aerosols, meteorological parameters, UV radiation, and solar

radiation [Climate Monitoring and Diagnostics Laboratory (CMDL), 1998]. Due to its

high elevation, Mauna Loa is located primarily in the free troposphere [Mendonca, 1969].

With the exception of the observations from Mauna Loa, the mid-Pacific region is data

sparse with few previous measurements of constituents in the free troposphere or time

series of observations. Trajectories arriving at MLO within 10 days originate mostly

from Asia during winter and spring with the station mostly isolated from Asian influence

during summer when some trajectories originate from over Central America within 10

days [CMDL, 1998; Kuniyuki et al., 1998]. Fall is a season of transition between easterly

trades and westerly flow [CMDL, 1998]. Transport of trace gases to the Mauna Loa

observatory have been discussed in several recent studies [e.g., Jaffe et al., 1997; Harris

et al., 1992, 1998]. Three important aircraft field campaigns have been conducted by

NASA's Global Tropospheric Experiment (GTE) to study tropospheric chemistry and

transport over the Pacific basin [Hoell et al., 1996, 1997, 1999]. Tropospheric remote

sensing measurements have also been obtained in this region during several shuttle flights

[Reichle et al., 1986, 1990, 1999; Connors et al., 1999; Rinsland et al., 1998a].

2. Infrared Spectroscopic Observations

The infrared solar absorption measurements at the Mauna Loa observatory (MLO)

were recorded with a modified Bruker model 120-HR Fourier transform spectrometer



(FTS)operatedatanunapodizedspectralresolutionof 0.0035cml (definedas0.9

dividedby themaximumopticalpathdifference).Theinstrument,installedin August

1995,is equippedwith a computer-controlledsolartrackerwith ahatchedweather-tight

enclosure.Thesystemonly requiresanoperatorto fill thedetectordewarswith liquid

nitrogenonceaday. Thesystemmonitorstheweatherconditionsandrecordssolar

spectrawhenconditionsarefavorable.Observationsarescheduledat sunrise and sunset

beginning on Monday afternoon through Saturday morning. Under favorable conditions,

the morning observations commence at 85 ° solar zenith angle with a total of 10

measurements recorded in 6 spectral bandpasses. Each observation is obtained from 2

complete interferograms recorded over a 4-minute time period. An additional 4 minutes

is required for computer evaluation and processing time of the observation. The database

analyzed here covers the August 1995 to February 1998, excluding time periods lost due

to instrumental problems. Most measurements were obtained in the morning because of

more frequent cloudiness in the afternoon.

Observations from the same site were also obtained between May 1991 and November

1995 with a Bomem model DA3.002 FTS operated typically at 0.005 cm "1resolution

[e.g., Goldman et al., 1992; David et al., 1994; Rinsland et al., 1994]. Additionally,

infrared spectra were recorded at 0.02 cm "1 resolution on 4 days in February 1987

[Rinsland et al., 1988]. Both sets of earlier measurements were obtained less frequently,

and they are generally of lower quality relative to the more recent measurements. Hence,

only the measurements recorded with the Bruker interferometer are included in the

present investigation.



3. Analysis Method and Assumptions

a. ) Retrieval Algorithm

The infrared solar spectra were analyzed with the SFIT2 algorithm, which has been

developed for the retrieval of molecular vertical profiles from ground-based infrared solar

absorption spectra. The profiles of one or two molecules are retrieved by simultaneously

fitting one or more narrow spectral intervals (microwindows) in one or more solar

spectra. The forward and inverse models in SFIT2 have been described previously

[Pougatchev et al., 1995; Rinsland et al. 1998b]. The algorithm includes a crude model

for simulating and fitting the absorption by solar CO lines [Rinsland et aL, 1998b, section

3.2.2]. The modeling of instrument performance-related parameters includes a parameter

to retrieve the wavelength shift between the measured and calculated spectra and a

parameter to fit for the slope of the background in each microwindow. The latter

parameter was required primarily because of uncertainties in modeling the absorption by

lines outside the fitted regions, particularly those of H20 and its continuum.

b.) A priori Profiles and Covariance Matrix Parameters

Below 12 km, a priori profiles for CO and C2H6 were derived by averaging aircraft in

situ profile measurements obtained near Mauna Loa during 3 GTE missions. The

measurements were obtained during the Pacific Exploratory Mission (PEM)-West, phase

A, conducted September-October 1991 [HoelI et al., 1996], PEM-West, phase B,

conducted during February-March 1994 [Hoell et al., 1997], and PEM-Tropics A

conducted between August-October 1996 [Hoell et al., 1999]. Prior CO in situ

measurements from Mauna Loa show considerable variability throughout the year. A



factor of two seasonal variation at the surface is indicated from time series of CMDL

observations [Novelli et al., 1992; 1998]. Similarly, a factor of two seasonal change was

indicated from C2H6 infrared total column measurements [Rinsland et al., 1994]. The

late winter GTE observations were obtained near maxima in both the CO and C2H6

seasonal cycles. We assumed the mean of the late winter and autumn profiles for both

molecules. Above 12 kin, the profiles were connected to averages of version 2 profiles

measured by the Atmospheric Trace MOlecule Spectroscopy (ATMOS) experiment

during the Atmospheric Laboratory for Applications and Science (ATLAS)-3 mission of

November 1994 [Gunson et al., 1996]. ATMOS measurements between latitudes of

15°1',1and 25°1'4 were averaged to derive the a priori profiles for CO and C2H6.

For HCN, a constant mixing ratio of 190 pptv (10 q2 per unit volume) was assumed

below 16 km. At higher altitudes a vertical distribution scaled to connect smoothly to the

reference profile given in Table III ofMahieu et al. [1995]. This profile is based on

retrievals from ground-based infrared solar spectra recorded at the U.S. National Solar

Observatory facility on Kitt Peak, Arizona (31.9°N latitude, 111.6°W longitude, altitude

2.09 kin) and the International Scientific Station of the Jungfraujoch (ISSJ) in the Swiss

Alps (46.6°N latitude, 8.0°E longitude, altitude 3.58 km) [Mahieu et al., 1995].

Vertical temperature profiles assumed in the analysis were taken from daily mean

National Centers for Environmental Prediction (NCEP) measurements. They were

smoothly connected to the 1976 U.S. Standard Atmosphere above 65 kin. A priori

volume mixing ratio profiles for interfering species were taken from reference

compilations (e.g., Smith [ 1982]).



c.) Spectroscopic Parameters and Microwindow Selections

Spectroscopic parameters adopted in the present study were taken from the 1996

HITRAN compilation [Rothman et al, 1998], except for the C2H6 parameters which were

replaced by improved values [Rinsland et al., 1998b, section 4.1] based on updates to the

work of Pine andStone [1996]. A line of HDO was added at 4274.81 cm "1to account for

an unassigned absorption feature [Rinsland et al., 1998b, section 4.2]. Absorption by this

transition is very weak because of the low H20 column abundance above the high-

altitude Mauna Loa station.

Table 2 lists the microwindows selected for the analysis of each molecule along with a

list of the interfering molecules that were fitted. The CO and C2H6 windows are identical

to those used in a previous investigation [Rinsland et al., 1998b]; simulations of the

atmospheric absorption by the individual molecules were displayed in Figs. 5 and 7 of

that paper. One of the two windows selected for retrieving profiles of CO contains the

strong CH4 line at 4285.1553 cm "l [Rinsland et al., 1998b, Fig. 7]. As in the previous

study, the profile of CH4 was also retrieved, though the results for this molecule are not

reported here.

The interval for retrieving HCN contains the v3 band P(8) line at 3287.2483 cm "1.

This transition is located in the far wings of the strong H20 lines at 3286.1689 and

3288.4829 cm "l with weak transitions of CO2 and several less significant absorbers

nearby [Rinsland et al., 1982]. Fits to the HCN v3 band P(4) line at 3299.5273 cm 1

simultaneously with the P(8) line showed minor inconsistencies. This problem was noted

previously by Mahieu et al. [1995]. Therefore, we decided not to include the P(4) line in

the analysis.
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d.) Retrieval Characterization

Averaging kernels provide a direct assessment of the theoretical altitude sensitivity of

the observations in the absence of errors in the measurements and model parameters

[Rodgers, 1990, section 4]. They are a function of the retrieval intervals selected, the

spectral resolution of the observations, the assumed signal-to-noise of the measurements,

and the selections of the retrieval parameters, such as the apriori profile and its

covariance matrix. In this work, we assumed the covariance matrix is diagonal and

adopted a relative uncertainty equal to 0.5 times the a priori mixing ratio in each of the

29 layers in the atmospheric model extending from the surface (3.4 km) to 100 km.

Figure 1 shows the averaging kernels for CO, C2H6, and HCN. The kernels were

calculated for the spectral resolution of the measurements and the typical signal-to-noise

ratio of 200. Kernels are shown for 3.4-16.0 km and the total column. The boundary at

16 km corresponds to the approximate altitude of the annual mean tropopause above

Mauna Loa. As can be seen from this figure, the kernels for the 3.4-16.0 km layer are

broad for all 3 molecules with sensitivities that peak in the upper troposphere. The

altitudes of the peaks of the 3.4-16.0 km kernels are 11 km for CO, 11 krn for C2H6, and

13 km for HCN, respectively.

e.) Error Analysis

In Table 3, we report estimates of the uncertainties in the 3.4-16.0 km columns due to

both random and systematic sources of error. The approach used to estimate the

uncertainties is the same as adopted previously [Rinsland et al., 1998b].

The sources of random error considered are the temperature uncertainty, uncertainty

in the solar zenith angle, the effect of random instrumental noise, and errors in calculating
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theabsorptionby interferinglines.We estimatedtheuncertaintydueto errorsin the

temperatureprofileby performedretrievalswith 2 K addedto theNCEPtemperatureat

eachaltitude. Changesin the 3.4-16km columnsareshownin thetable;thevalues

reportedfor temperaturearethemeanoffsetobtainedfrom retrievalsperformedwith 3

randomlyselectedspectraondifferentdays.Themaximumerrordueto temperature

profileuncertaintywasthevalueof 1.7%obtainedfor C2H6.

As already mentioned, each spectrum is generated from two coadded scans. The

airmass corresponding to the time of each zero path difference crossing is calculated and

the values averaged. Errors are introduced by the approximations used to estimate the

airmass of each spectrum and also by uncertainties in the time stamping of the individual

spectral files (up to 30 see). Calculations performed for a solar zenith angle of 75 °

indicate both effects combine to introduce an uncertainty in the calculated air mass of

about 1%.

The contribution of instrumental noise was evaluated by generating random numbers

with zero mean, a normal distribution, and a root-mean-square deviation equal to 0.005

times the maximum transmission in the spectral interval. The selected noise level is

typical of the Mauna Loa observations. Noise generated with 10 different seeds was

added to synthetic spectra calculated for a solar astronomical zenith angle of 60 °, and the

retrievals were repeated for each case. The mean difference between the 3.4-16 km

columns retrieved from the noisy spectra and the values obtained without noise is given

in the table. As we report only daily average partial columns, the error due to random

noise will be generally less than the value in table 3.
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Estimatesfor therandomerrorsdueto interferingatmosphericlinesreflectthehigh

altitudeof MaunaLoa station. Previously,weestimateduncertaintiesof 7and2 % in the

troposphericcolumnsof C2H6 above Lauder, New Zealand (45.0°S latitude, 169.7°E

longitude, 0.37 km altitude) and Kitt Peak, respectively [Rinsland et al., 1998b, table 1].

The relatively high estimated uncertainties reflected the potential for error in the

calculation of the H20 absorption line overlapping the target C2H6 spectral feature at

2976.8 cm "l [Rinsland et al., 1998b, Fig. 5]. Hence, our calculated uncertainty due to

potential errors in calculating the overlapping interference by H20 absorption line is

significantly reduced.

Four sources of systematic error were considered: (1) errors in the assumed

spectroscopic line parameters, (2) uncertainties in the forward model, (3) errors in the a

priori profiles, and (4) errors in the instrument line shape function. The improvements in

the C2H6 spectroscopic parameters reduced the uncertainty in those retrievals from 10%

[Rinsland et al., 1994] to 5% [Rinsland et al., 1998b]. The forward model is also the

same as adopted previously, and hence the estimated systematic error due to its

limitations and approximations is unchanged [Rinsland et al., 1998b]. We estimated

the effect of uncertainty in knowledge of the instrument line shape function by generating

a synthetic spectrum for each molecule based on the instrument line shape function

assumed in the retrievals. We then performed a retrieval from the synthetic spectrum

with the coefficient of the "straight line" effective apodization coefficient [Park, 1983]

offset from the nominal value of 0.0 to -0.2. This calculation simulates an error in the

apodizing function with the error increasing from zero at the zero path difference to 20%

at the maximum path difference. Changes in the 0.4-16 km columns were at less than
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0.4% for all 3 molecules. Hence, errors in modeling the instrument line shape function

introduce only a small error in the calculated 0.4-16 km columns. Narrow lines in the

solar spectra showed no evidence for phase errors.

4. Results

a.) Carbon Monoxide (CO)

Figure 2 presents typical spectral fits to the Mauna Loa solar absorption spectra in the

two windows used to measure atmospheric CO. The high quality of the Mauna Loa

measurements and the success in modeling the atmospheric and solar features can be

noted from the low residuals, which are displayed above the measured and best-fit

calculated spectra.

Figure 3 displays the time series of Mauna Loa CO measurements. The solid circles

show monthly mean mixing ratios (ppbv, 10 -9 per unit volume) calculated by dividing the

3.4-16 km CO column by the total air column in the same layer. Daily averages were

used in these calculations. Low signal-to-noise ratio observations and poor fits to the

spectral data have been excluded [Rinsland et al., 1998b, section 5.0]. The open circles

show monthly averages of preliminary CO mixing ratios from the CMDL cooperative

flask sampling network. The measurements were collected weekly from Mauna Loa and

are referenced to the CO CMDL scale [Novelli et al., 1991]. To avoid sampling

boundary layer air, the measurements are obtained in the morning before upslope flow

begins. Details of the sampling procedures and analytic methods can be found in Novelli

et al. [1992, 1998]. The flask measurements have been filtered to remove observations

subject to sampling errors, analytical problems, and non-background level measurements.



14

The vertical lines show standard deviations of the measurements. Absence of a vertical

marker denotes months when FTS measurements were recorded on a single day. Only

the CMDL observations obtained during the time period of the FTS measurements are

presented.

The 2.6 years of CO surface and FTS measurements presented in Fig. 3 show

significant short-term variations superimposed on a seasonal change of about a factor of

two. The August 1995-August 1997 measurements show very similar seasonal cycles

with a broad maximum in CO mixing ratio at the surface between January to April. The

seasonal variations at the surface are similar those reported for 1990-1995 by Novelli et

al. [1998, Fig. 4]. Near the peak of the cycle, the surface mixing ratio averaged 10-20%

higher than the mean value calculated from the integrated 3.4-16 km spectroscopic

columns. This difference implies that the free tropospheric CO mixing ratio profile

generally decreased with altitude, consistent with GTE PEM-West B mission CO

measurements obtained on February 7 and 8, 1994, near Hawaii [Hoell et al., 1997, table

1]. These measurements are available from the GTE data archive at NASA's Langley

Research Center (URL: http://www-gte.larc.nasa.gov). The CMDL surface and 3.4-16

km FTS column measurements both show a sharp minimum during late summer. While

many factors influence the seasonal variation of tropospheric CO, consistent with

previous studies [e.g., Novelli et al., 1998], we note that the seasonal CO maxima and

minima occur several months later the corresponding variations expected for OH from

seasonal changes in solar insulation. The late summer agreement between the FTS and

CMDL mixing ratios implies that the CO mixing ratio profile was on average nearly

constant with altitude in the free troposphere. This conclusion is also consistent with the
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aircraftprofilesmeasuredin October1991closeto Hawaiiduring thePEM-WestA

mission[Hoell et al., 1996, table 2]. The September 1997-February 1998 time period

was anomalous in that the monthly averages showed maxima in surface CO (during

October) and free tropospheric CO (during November). The agreement between the two

sets of mixing ratios in late 1997 implies that the CO vertical mixing ratio profile was

nearly uniform in the free troposphere during this anomalous time period.

Pougatchev and Rinsland [1995] reported measurements of the CO seasonal variation

in two layers deduced from infrared solar spectra recorded between 1982 and 1993. The

observations were recorded from Kitt Peak located in Arizona, U.S.A., at 32°N latitude,

112°W, 2.09 km altitude. The lower layer extending from the surface to 400 mbar (-7

km altitude) sampled primarily the free troposphere. The upper layer extended from 400

mbar to the top of the atmosphere. The asymmetrical seasonal variations in both layers

are qualitatively similar to the variations indicated from the Mauna Loa surface and

infrared spectroscopic measurements. An average ratio of 2.2_-t:0.1 was derived from the

Kitt Peak measurements by dividing the average mixing ratio in the lower layer by the

average mixing ratio in the upper layer. This ratio implies that within the troposphere

there is a more rapid decrease with altitude above Kitt Peak than above Mauna Loa,

consistent with the continental location of Kitt Peak and its closer location to sources.

Very few measurements of the seasonal variation of CO in the tropical and subtropical

upper troposphere have been reported previously. Measurements of CO mixing ratios

have been obtained at altitudes of 8.5-13 km during commercial airline flights between

Japan and Australia from April 1993 to July 1996 roughly at 140°W longitude [Matsueda

et al., 1998a]. They provided unique measurements of CO variations as a function of
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latitudeandtimein theuppertroposphereoverthewesternPacific. TheaverageCO

seasonalcyclefor this timeperiodin the15°N-20°Nlatitudeband[Matsuedaet al.,

1998a, Fig. 7] was derived by fitting the measurement time series with a linear function

combined with three harmonics [Matsueda et al., 1998a, Eq. 1]. The best-fit seasonal

component shows a minimum in mid-February with the peak amplitude of 10 ppbv and a

maximum at the beginning of May with a peak amplitude of 20 ppbv. Little seasonal

variation was observed at these heights during other times of the year [Matsueda et al.,

1998a, Fig. 7]. Our measurements of the peak-to-peak amplitude of the seasonal cycle

are generally consistent with the aircraft observations, though the times of the maxima

and minima are different in the two data sets. The CO late summer minimum apparent in

the Mauna Loa 3.4-16 km column measurement time series is not obvious in the aircraft

flask sampling observations. The differences in locations of the two sets of observations

and the limited samplings of both data sets are likely to contribute to these discrepancies.

To date, the only near global observations of tropospheric CO were obtained by a

nadir-viewing Measurement of Air Pollution from Satellites (MAPS) instrument that flew

onboard the U.S. Space Shuttle [Reichle et al., 1986, 1990, 1999; Connors et al., 1999].

Table 4 presents the monthly mean 3.4-16 km CO columns derived from our FTS

measurements and values calculated from the MAPS observations. The measurements

are sorted by month. The number of days included in the calculations is listed in the

table. Values from the FTS observations are presented separately for the August 1995-

August 1997 and the September 1997-February 1998 time periods.

MAPS observations sample CO in the atmosphere [Pougatchev et al., 1998, Fig. 2]

with a vertical sensitivity very similar to our FTS solar observations (Fig. 1). Both sets of
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observations are sensitive to changes in middle and upper tropospheric CO but have

practically no sensitivity to changes in boundary layer CO levels [Pougatchev et al.,

1998, Fig. 2]. In contrast, it should be noted that ground-based infrared measurements of

CO are usually performed from a strong CO line at 4.7 _tm, which samples the

atmosphere with a total column averaging kernel peaked at the surface, not in the upper

troposphere [Pougatchev et al., 1998, Fig. 2].

The MAPS instrument measured CO near Mauna Loa during shuttle flights in October

1984, April 1994, and October 1994. Average mixing ratios and standard deviations

were computed from a 1° x 1° gridded product (S. R. Nolf, private communication,

1999). Observations between 17°N and 21°N latitude and 150°W and 160°W longitude

were included. Averaging was performed because many of the MAPS grid points do not

have observational values due to the presence of clouds in the field of view or gaps in the

spatial coverage during the limited time period of the shuttle flights. This region is

located almost entirely over ocean.

We next used our Mauna Loa CO a priori profile to calculate a multiplicative factor

that relates the mean mixing ratio in the 3.4-16 km layer sampled by the FTS to a partial

column integrated over the same altitude range. The Mauna Loa CO a priori profile used

for the FTS retrievals was assumed. The derived conversion factor between mean CO

mixing ratio to the CO column in the 3.4-16 km layer is 1 ppbv = 1.196x1016 molecules

cm -2. This approach provides a quantitative correction for the reduced CO column

sampled by the FTS observations from the high-altitude Mauna Loa station. Because of

the close similarity between the FTS and MAPS averaging kernels and a priori profiles,

the error in our conversion of MAPS mixing ratio to equivalent 3.4-16 km CO column is
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estimated as 3%, significantly less than the 10% accuracy of the MAPS CO observations

[Reichle et al., 1999]. Our approach for relating ground-based IR columns and MAPS

mixing ratios is consistent with the analysis of Pougatchev et al. [ 1998].

As shown in table 4, the FTS monthly average CO 3.4-16 km columns measured after

September 1997 are higher than values from the corresponding months of August 1995-

August 1997. The ratio of monthly averages from the two time periods peaked at

1.434-0.30. This value and uncertainty were calculated from monthly averages and

standard deviations for November 1997 relative to values for November 1995 and

November 1996. Monthly means of January 1998 and February 1998 FTS measurements

are only marginally higher than the corresponding values from the 1995-1997 time

period.

Tropospheric CO columns calculated from the MAPS measurements at the location

of Mauna Loa show significant variations that are both higher and lower than the FTS

averages. It is necessary to compare observations for the same months because of the

large seasonal variation in CO. Although no FTS measurements were recorded during

the month of April, we estimated a value for that month by averaging the FTS monthly

means from March and May of 1995-1997. The MAPS measurement from its April 1994

shuttle flight is higher than the calculated FTS mean by a factor of 1.17+0.24. The

MAPS column for October 1994 is also higher than the FTS value from October 1995

and October 1996 by a factor 1.244-0.19, but it was 0.98+0.20 times the FTS

measurements from October 1997.

value measured during that month.

The MAPS column from October 1984 is the lowest

The ratio of the MAPS October 1984 to the mean of

the Mauna Loa March and May measurements from 1995-1997 is 0.65+0.12.
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b.) Ethane (C2H6)

The top panel of figure 4 illustrates a typical Mauna Loa spectrum and fit in the region

analyzed to retrieve the C2H6 profiles. The time series of 3.4-16 km columns shows a

distinct seasonal cycle that is very similar to the one observed for the 3.4-16 km CO

columns. This result is consistent with an analysis of Mauna Loa C2H6 observations

recorded between November 1991 and July 1993 [Rinsland et al., 1994], even though

the two sets of observations were recorded with different instruments, analyzed with

different sets of spectroscopic parameters, and different spectral fitting programs were

adopted. No significant long-term trend in the C2H6 column has been found from either

dataset.

Table 5 presents monthly averages of the C2H6 3.4-16 km columns from the 1995-

1998 series of measurements. As was done for CO, we report values separately for the

August 1995-August 1997 and the September 1997-February 1998 time periods. The

mean columns were systematically higher during October to December 1997 relative to

values for the same months in 1995 and 1996. As for CO, the maximum enhancement

was observed in November 1997 with an observed ratio of 1.43+0.41 relative to the

corresponding observations from 1995 and 1996. The January and February 1998

measurements show no obvious enhancements relative to the 1995-1997 observations

from the same months.

Figure 5 presents a plot of the daily average 3.4-16 km C2H6 vs. the daily average CO

3.4-16 km columns. Measurements from all seasons are included with the solid line

indicating a fit assuming a linear relation between the two sets of columns. Table 6

compares the correlation coefficients and C2H6/CO slope derived from the Mauna Loa
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spectroscopic observations with previous tropospheric spectroscopic column

measurements. The previous measurements were obtained from Lauder and Kitt Peak

[Rinsland et al., 1998b]. The correlations between the integrated CO and C2H6

tropospheric columns are likely to reflect common principal sources for both molecules

(see Table 1) and their similar rates of reaction with OH [Rudolph, 1995]. Also, the

C2H6/CO emission factor of 0.0094 derived from biomass fire measurements [Yokelson et

al., 1997, Table 3] is very similar to the slope derived from the Lander infrared

observations during the southern hemisphere burning season. The best-fit Mauna Loa

C2H6/CO 3.4-16 km columns ratio of 0.00935 and the correlation coefficient of 0.927 are

also similar to values of 0.0073 and 0.92 deduced from C2H6 and CO mixing ratios

measured in situ in the western Pacific basin between 10°S and 25°N latitude and above 2

km altitude during February and March 1994 [Blake et al., 1997, Fig. 2].

We have also compared the Mauna Loa CO and C2H6 tropospheric columns with

monthly values calculated by integrating profiles predicted for the same location with a

global 3-D tropospheric model [Wang et al., 1998]. The model tropospheric columns (Y.

Wang, private communication, 1999) reproduce the spring maximum and autumn

minimum measured for both CO and C2H6 between August 1995 and August 1997. The

ratio of the monthly mean tropospheric columns to the corresponding model values has

been calculated for this time period. The mean and standard deviation are 1.06 and 0.08

for CO and 1.61 and 0.21 for C2H6, respectively. Hence, the model values are in very

good agreement with the measured CO tropospheric columns, but the model values are

systematically low for C2H6. The discrepancy for C2H6 is likely to reflect an
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underestimationof C2H6 emissions from southeast Asia (Y. Wang, private

communications, 1999).

Both observational and theoretical evidence indicates that the tropospheric mixing

ratios of relatively long-lived hydrocarbons are determined by a combination of OH

photochemistry and turbulent mixing during transport [e.g., McKeen et aL, 1996]. In

general, these processes cannot be distinguished. Although the observed ratio of

C2H2/CO has proven to be a highly useful indicator of the combined effects of dynamical

mixing and photochemistry, the absorption by C2H2 lines is weak in the high-altitude,

low-latitude Mauna Loa solar spectra. Hence, it did not prove possible to measure C2H2

tropospheric columns throughout the year and use the C2H2 to CO ratio to classify air

masses, as has been done successfully during GTE field missions [e.g., Smyth et al.,

1996].

c.) Hydrogen Cyanide (HCN)

Figure 6 illustrates fits to the Mauna Loa spectra in the HCN window. The two

examples were selected to illustrate observations recorded during the month of November

at nearly the same solar zenith angle but with HCN 3.4-16 km column abundances that

differ by one order of magnitude.

Figure 7 presents the measured time series of HCN 3.4-16 km partial columns derived

from the Mauna Loa measurements. Monthly averages and standard deviations are

reported in table 7. As for CO and C2H6, results are reported separately for the August

1995-August 1997 and September 1997-February 1998. As summarized in this table,

the variations in HCN are substantially larger than those measured for CO and C2H6.
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HigherHCN 3.4-16km columnsweremeasuredthroughouttheOctober1997to

February1998timeperiodrelativeto thosefrom correspondingmonthsbetweenAugust

1995andAugust1997.A maximumratioof 3.37+1.70wascalculatedfrom themean

andstandarddeviationof theNovember1997monthlyaveragesandthecorresponding

valuesfrom bothNovember1995andNovember1996.

Solidcurvesin Fig. 7displaytheseasonalvariationandlong-termtrenddeducedfrom

thebest-fitsto themeasurements.Thelong-termtrendfit suggestsa factorof two

increasein the3.4-16km columnovertheobservationperiod. However,northern-

hemisphereground-basedtotalcolumns[Mahieu et al., 1995, 1997] and ATMOS lower

stratospheric mixing ratios from solar spectra from 1985 and 1994 [Rinsland et al., 1996]

show no evidence for a substantial change in HCN amounts at northern mid-latitudes

over multi-year time periods. The apparent trend in the HCN 3.4-16 km column above

Mauna Loa is due to the sharp increases observed after about September 1997.

There is now both direct and indirect evidence that HCN is less uniformly distributed

in the troposphere than indicated by an early assessment [Cicerone and Zellner, 1983].

Ground-based infrared spectroscopic measurements of HCN recorded from the

International Scientific Station of the Jungfraujoch (ISSJ) in the Swiss Alps and Kitt Peak

showed variable enhancements in the total column of up to factors of two and three

during spring, respectively [Mahieu et al., 1995, Figs. 3, 4; 1997]. The measured line

shapes indicated that the springtime HCN enhancements occurred near the surface, and

they were attributed to increased vegetative activity. Irtfrared solar occultation spectra

recorded by the Atmospheric Trace Molecule Spectroscopy (ATMOS) Fourier transform

spectrometer indicated variable enhancements of up to a factor of 5 in the November
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1994 tropical and subtropical upper troposphere [Rinsland et al., 1998a, Fig. 2].

Ground-based measurements of HCN derived from IR solar spectra recorded during a

ship cruise between 60°N and 50°S on the central Atlantic also showed a pronounced

peak in the total column of HCN. The maximum was observed in the southern tropics

during October 1996 [Notholt et al., 1999]. The high HCN columns (corresponding to an

average tropospheric mixing ratio of >200 pptv) coincided with elevated levels of CO,

C2H6, and C2H2, which are well-known emission products ofbiomass fires [Yokelson et

al., 1996, 1997].

The HCN enhancements indicated by the ATMOS and cruise tropical observations

have been attributed to increased production of HCN in biomass fires [Rinsland et al.,

1998a; Notholt et al., 1999]. Evidence for this link originates primarily from emission

factors derived from laboratory fire studies [Lobert et aI., 1990, 1991 ; Hurst et al.,

1994a, b; Yokelsen et al., 1996, 1997]. Although production efficiencies are observed to

vary widely depending on the fuel type and burning phase, we note that from some

smoldering organic soils, HCN is the dominant detected nitrogen-containing biomass

emission relative to CO [Yokelson et al., 1997]. Usually NH3 is the major nitrogen-

containing emission detected from such fires [Yokelson et al., 1997]. Indirect evidence

for elevated HCN upper tropospheric levels has been inferred from the large

discrepancies between total reactive nitrogen (NOy) levels measured during GTE airborne

field campaigns and values calculated by summing the mixing ratios of the individual

components thought to comprise NOy [Bradshaw et al., 1998]. The observed differences

are largest in the middle to upper troposphere [Bradshaw et al., 1998].
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Figure8 comparestheMaunaLoa CO, C2H6, and HCN 3.4-16 km partial columns for

the last half of 1997. As can be seen from this plot, the measurements of the 3 molecules

are highly correlated. The correlation coefficient between HCN and CO for this time

period is 0.95. Tropospheric columns of HCN prior to the beginning of October 1997

average 2 x 1015 molecules cm "1 with mean 3.4-16 km mixing ratios close to the typical

background level of 190 pptv in the free troposphere [Mahieu et aL, 1995]. However,

highly variable levels of all 3 molecules were observed, particularly during October and

November 1997. Sharp peaks in HCN were measured on Oct. 18 and Nov. 15 with the

mid-November maximum the larger of the two. The relative enhancements of HCN are

by far the largest observed for the three molecules with a maximum HCN 3.4-16 km

column of 9.14 x 1015 molecules cm "2 on November 15. This value corresponds to an

average free tropospheric HCN mixing ratio of 0.7 ppbv. After subtracting columns of

HCN and CO based on the 1995 and 1996 measurements, we calculate that the

November 1997 monthly mean correponded to an excess HCN/CO 3.4-16 km columns

ratio of 0.00982, well within the wide range of values measured from laboratory fires

(e.g. 0.00049-0.0581) [Lobert et al., 1991, Table 36.4]. The weekly Mauna Loa CMDL

surface CO measurements from October-November 1997 show no obvious evidence for

the sharp peaks detected in the infrared cohunn measurements.

5.) Trajectory Calculations and Discussion

The correlated variations of CO, C2H6, and HCN and unusual seasonal cycles

observed during the second half of 1997 suggest a common emission origin. The

averaging kernels and the observed broad widths of the spectral lines imply that the
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enhancementswere located primarily in the upper troposphere. In an effort to identify

the origin of the high concentrations of the trace gases, we performed back-trajectory

calculations with the HYSPLIT4 (Hybrid Single Particle Lagrangian Integrated

Trajectory) model [Draxler and Hess, 1997]. Calculations were performed for two

altitudes above Mauna Loa, 7 and 11 km. The 6-hourly FLN archive data from the

NCEP operational model runs were adopted.

Calculations were performed for up to a 10-day period ending at 0 hr on each of 5

days before and 5 days after the HCN 3.4-16 km column maximum on November 15,

1997. Although there appears to be no consensus on the preferred methodology

[DraxIer, 1996], we performed runs based on the isentropic and the kinematic

assumptions, which should be more realistic in the free troposphere than calculations that

assume isobaric vertical motion.

Figure 9 displays the kinematic back trajectories ending at the two altitudes above

Mauna Loa.. The calculations were terminated shortly after land was encountered.

Although there were significant variations among the calculated altitudes and to a lesser

extent the geographic paths traversed by the back trajectories, essentially all of the

calculated trajectories arrived above Hawaii from the west. The plots show that the low

northern hemisphere tropical latitudes of Asia are the most likely origin of the enhanced

emissions. Intense and widespread forest fires occurred in tropical Asia during 1997 and

early 1998 and impacted a large portion of the population in that region [Liew et al.,

1998; Phadnis et al., 1998; UNEP, 1999]. Available satellite imagery and visual reports

confirm the existence of widespread biomass burning in southeast Asia [Liew et al.,

1998]. Most of our calculated trajectories pass north of Indonesia and Malaysia where
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the most intense burning occurred. However, the calculated trajectories are subject to

errors in the thermodynamic and wind fields [Merrill, 1996]. Also, there is numerical

uncertainty due to the use of the gridded data to represent the continuous flow of air

[Draxler, 1996]. As demonstrated by previous studies [Merrill, 1996; Draxler, 1996],

the errors accumulate with time and can lead to large uncertainties for long-range

trajectory calculations, particularly over oceans where there are few soundings. Sample

tests performed by rerunning 10-day back trajectories forward in time from their end

point at an altitude of 11 km showed typical differences in calculated longitude and

latitude of 15 ° and 2 °, respectively.

Support for a connection between our observations of enhancements in tropospheric

CO, C2H6, and HCN columns and the tropical fires of 1997-1998 comes from the

measurements of CO observed in the tropical south Pacific during that time. Increased

CO levels were measured at the CMDL station on American Samoa (14.2°S, 170.6°E,

elevation 77m) and during shipboard transects between 5°S and 25°S latitude [Novelli.,

1998]. Relatively large annual mean CO values were also reported for 1997 from

shipboard measurements in the low latitudes of the South China Sea. They reflect the

very high CO levels observed during August, September, and October 1997 [CMDL,

1999, section 2.4.2 and table 2.9]. A unique seasonal cycle with an extremely enhanced

CO maximum throughout the southern hemisphere was also observed at 8-13 km altitude

during aircraft flights over the western Pacific in September and November 1997

[Matsueda et al., 1998b].

The observed enhancements and unusual seasonal variations in the free tropospheric

columns of CO, C2H6, and HCN observed above Marina Loa may be related to the
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occurrence of ENSO (El Nifio/Southern Oscillation) events. ENSO events influence air

temperature and precipitation patterns [Ropelewski and Halpert, 1987; Halpert and

Ropelewski, 1992], which in turn effect the distribution, frequency, and intensity of

tropical biomass burning emissions. An index of spatially averaged sea surface

temperature anomalies calculated by the Japan Meteorological Agency (JMA) (URL:

http//www.coaps.fsu.edulpub/JMA_SST_Index/jma.gif) and a classification of ENSO

periods by the Center for Ocean-Atmospheric Prediction Studies (COAPS). (URL:

http//www.coaps.fsu.edu/-legler/jma_index 1.shtml) show the two most intense ENSO

events since 1970 took place in 1982-83 and 1997-98. Similar to 1997-98, large amounts

of burning took place in southeast Asia and New Guinea during drought conditions in

1982-83 [Malingreau et al., 1985] with elevated levels of tropospheric ozone observed in

that region [Fishman et al., 1990; Kim andNewchurch, 1998]. We note that high levels

of tropospheric 03 are often accompanied by enhancements in CO and other trace gases

[Browell et aI., 1996]. However, de-seasonalized weekly surface flask sampling

measurements of CO mixing ratios from Cape Kumukhai and Mauna Loa, Hawaii, and

Samoa (14.2°S, 170.6°E) show no obvious enhancements during 1982-83 [Khalil and

Rasmussen, 1988, Fig. 1]. These early CO flask sampling measurements may be

unreliable because of stability problems [Fraser et al., 1988; Mansbridge et al., 1988], or

possibly the prevailing winds did not transport the elevated CO emissions to Samoa or

Hawaii. Hence, although a good case can be made for elevated emissions and transport

of these emissions from southeast Asia to Mauna Loa in 1997-1998, to our knowledge,

no conclusive observational evidence exists for a similar connection during the intense El

Nifio of 1982-1983.
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6. Summary and Conclusions

We have analyzed a time series of CO, C2H6, and HCN infrared solar measurements

obtained with the high spectral resolution FTS located at the NDSC primary station on

Mauna Loa, Hawaii. The measurements were recorded in solar absorption mode on over

250 days between August 1995 and February 1998. The observations sample a broad

altitude region with maximum sensitivity in the upper troposphere. Daily average 3.4-16

km columns are reported for all 3 molecules and compared with previous measurements

and model calculations. The comparisons include CO columns calculated for the same

altitude and geographic region from the MAPS shuttle measurements in April 1994,

October 1984, and October 1994, CMDL surface CO flask measurements from Mauna

Loa during the FTS observing period, and GTE aircraft measurements obtained near

Hawaii during several campaigns.

Both the FTS and CMDL CO data show significant variability superimposed on

changes by a factor of two with season. Prior to about September 1997, both sets of

observations show a broad maximum between January and April followed by a sharper

minimum in late summer. Differences of 10-20% between mean tropospheric mixing

ratios calculated from the FTS column data and measured CMDL surface mixing ratios

imply that the CO mixing ratio profile generally decreased with altitude in the

troposphere during the first third of the year. In contrast, the CO surface and mean

tropospheric mixing ratios agreed during late summer implying that on average

tropospheric profile of CO was nearly uniform with altitude during that time. Values

during other months are intermediate between these two extremes. Daily average partial

columns of CO and C2H6 are highly correlated during all seasons. The best-fit Mauna
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LoaC2H6/COslopederivedfrom spectroscopiccolumnmeasurementsandtheCxH6-CO

correlation coefficient are similar to values derived from GTE measurements over the

western Pacific. The slope of C2H6 vs. CO correlation is intermediate between the lower

values derived from the station in Lauder, New Zealand (45°S), and the higher value

derived from solar spectra recorded at Kitt Peak in southern Arizona, U.S.A (32°N).

The 3.4-16 km columns of the 3 molecules were enhanced beginning in about

September 1997 with the highest levels observed during November 1997. The largest

variations relative to background were observed for HCN with values up to a factor of 3

above background. The observations also indicate that HCN remained elevated up to the

end of the observation period. Back-trajectory calculations performed for November

1997 show the low northern latitudes of Asia as the most likely source of the emissions,

though contributions from other low latitude areas in the northern hemisphere are

probable due to the relatively long lifetimes of all 3 molecules. As biomass burning is an

important source for all 3 molecules and widespread burning occurred throughout

southeast Asia at that time [Liew et al., 1998; UNEP, 1999; Levine, 1999], we attribute

the trace gas enhancements to those fires. Support for this hypothesis also comes from

the high CO levels and unusual seasonal cycles measured in the tropical south Pacific at

the surface [Novelli, 1998; CMDL, 1999, section 2.4.2] and at 8-13 km altitude

[Matsueda et al., 1998b] during the same time period. Additionally, our observations

provide further evidence for HCN as an important though highly fuel-composition-

dependent emission product of biomass burning [Lobert et al., 1990, 1991; Yokelsen et

al., 1996, 1997].
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Table 1.

HCN

Summary of the most important tropospheric sources of CO, C2H6, and

44

Molecule

CO

C2H6

HCN

Major Sources

Biomass burning, fossil fuel

combustion, oxidation of CH4, oxidation

of natural nonmethane hydrocarbons

Biomass burning, natural gas losses

Biomass burning, vegetation

Reference

Seiler and Conrad [1987]

Rudolph [1995]

Lobert et al. [1990, 1991]; Cicerone and

Zellner [1983]; Mahieu et al. [1995]
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Table 2. Microwindows and Interferences

Molecule Microwindows (cm -_)

CO 4274.62-4274.82, 4284.75-
4285.18

C2H6 2976.62-2976.94

HCN 3287.15-3287.35

Interfering Molecules

Solar CO, CI-I4, HDO

H20, CI-I4, 03

None

Notes: Except for CH4, each interfering molecule was fitted by a multiplicative scaling

of the a priori volume mixing ratio profile by a single value. The profile of CH4 was

retrieved from the fittings of the two CO windows.
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Table 3. CO, C2H6, and HCN 3.4-16 km Partial Column Measurement

Uncertainties

Random Error Budget

Error Source Relative Error, %

HCN

1

12

<1

CO CIH6

Temperature 1 2

Instrument 1 4

noise
1 1Zenith angle

uncertainty

Interfering lines <1 <1 <1

RSS total 2 5 12

random error

Systematic Error Budget

Error Source Relative Error, %

CO C2H6

Spectroscopic
Parameters

A priori profile
Forward model

approximations¶

2 5

Instrument line < 1 < 1

shape function

RSS total systematic 5 5 3

error

HCN

2

<1

¶ Includes the estimated uncertainty in the retrieval due to errors in computing the

absorption by overlapping solar CO lines.
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Table 4. CO 3.4-16 km Column Monthly Mean FTS Measurements from Mauna

Loa (MLO/FTS) and Values calculated for the same altitude range and geographic

region from MAPS measurements in 1984 and 1994 (in 10 Is molecules cm "2)

Month

January

January

February

February
March

April

Year

July

1995-1997

1998

1995-1997

1998

1995-1997

1994

May 1995-1997
June 1995-1997

1995-1997

Data

Source

MLO/FTS

MLO/FTS

MLO/FTS

MLO/FTS

MLO/FTS

MeanColumn

1.097

1.136

1.076

1.113

1.088

Standard

Devimion

0.083

0.088

0.097

0.079

0.204

Number

of Days

18

15

14

13

MAPS 1.261 0.147

MLO/FTS 1.061 0.147 14

MLO/FTS 0.924 0.074 13

MLO/FTS 0.790 0.101 13

37August 1995-1997 MLO/FTS 0.754 0.087

September 1995-1996 MLO/FTS 0.789 0.062 22

September 1997 MLO/FTS 0.800 0.092
MLO/FTS

MLO/FTS

MAPS

MAPS

MLO/FTS

MLO/FTS

1995-1996

1997

1984

1994

1995-1996

1997

0.856

1.088

0.710

1.065

0.919

1.318

1.081

1.273

1995-1996

October

October

October

October

November

November

December

0.093

0.189

0.036

0.116

0.145

0.177

0.055

0.061December 1997

MLO/FTS

MLO/FTS

18

19

15

10

11

10
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Table 5. Mauna Loa Monthly Mean C2H6 3.4-16 km Columns (in 10 Is molecules

cm -2)

Month Year

February

January 1995-1997

January 1998
1995-1997

February
March

May

August

1998

1995-1997

1995-1997

1995-1997June

July 1995-1997
1995-1997

September

September
October

October

November

December

1995-1996

1997

1995-1996

1997

1995-1996

_,/[ean

Column

Standard

Deviation

Number

of Days

9.101 1.049 9

9.278 1.124 21

9.343 1.039 21

9.287

9.458

18

9.550

0.942

1.521 12

1.272 16

8.194 1.225 15

6.698 1.184 15

5.916 0.689 44

5.730

5.983

6.595

8.590

0.433

0.823

1.273

1.977

2.247

1.182

0.434

1.076

8.064

November 1997 11.110

December 1995-1996 9.281

1997 11.452

21

19

21

17

7

10

14

12
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Table 6. Correlation coefficients and C2H6/CO slopes derived from fits to daily

mean tropospheric partial column observations

Station Location Months Correlation C2H6/CO
Coefficient Slope (10"3) *

Lauder, New 45°S,170°E, 0.37 February-March-April 0.400 3.38

Zealand km altitude

Lauder, New 45°S, 170°E, 0.37 May-June-July 0.594 5.52

Zealand km altitude
0.827 6.39Lauder, New

Zealand

Mauna Loa

Kitt Peak,

Arizona, U.S.A.

45°S,170°E, 0.37
km altitude

19.5°N, 155.6°W,

3.40 km altitude

31.9°N, 111.6°W,

2.09 km altitude

August-September-
October

All

All

0.927

0.766

9.35

14.2

* Calculated from 0.37-12 km columns from Lauder, 2.09-14 km columns from Kitt

Peak, and 3.4-16 km columns from Mauna Loa.
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Table 7. Mauna Loa Monthly Mean HCN 3.4-16 km Columns (in 10 Is molecules

cm -2)

Month

January

Year

1995-1997

Mean

Column

2.130

Standard

Deviation

0.340

Number

of Days

4

19January 1998 4.265 0.463

February 1995-1997 1.929 0.485 21

February 1998 3.534 0.466 16
March 1995-1997 1.798 0.598 9

3.077

2.664

1995-1997

1995-1997

0.510

0.692

0.467

May
June

2.246

15

11

12July 1995-1997

August 1995-1997 1.750 0.412 35

September 1995-1996 1.726 0.501 20

September 1997 2.125 0.658 16
October 1995-1996 1.679 0.400 19

October 1997 3.940 1.769 15

November 1995-1996 1.912 0.870 4

November 1997 6.450 1.411 9

December 1995-1996 1.837 0.398 13

December 1997 5.713 1.107 7
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Figure Captions

Figure 1. Averaging kernels calculated for CO, C2H6, and HCN.

merged layers, 3.4-16 km and the total column, 3.4-100 km.

Values are shown for

Figure 2. Sample spectrum and fits in the region of the CO (2-0) band R(3) and R(6)

lines at 4274.7047 and 4284.8911 cm "l. The measured spectrum was recorded on March

13, 1997. The spectrum has been normalized to the highest signal in each interval. The

astronomical zenith angle of the observation is indicated. Residuals (measured minus

calculated values) are shown on an expanded vertical scale above each spectral plot. The

measured 3.4-16 km CO column equals 9.99 x 1017 molecules cm "2.

Figure 3. Monthly average CO mixing ratios (ppbv) in the 3.4-16 km layer derived from

the infrared FTS measurements (solid circles) and corresponding values calculated from

preliminary CO mixing ratios measured at Mauna Loa by the CMDL cooperative flask

sampling network (open circles). Dashed and solid straight lines connect adjacent

CMDL and FTS monthly averages, respectively. Vertical lines indicate standard

deviations.

Figure 4. Example of a spectrum and the corresponding fit in the interval used to retrieve

profiles of C2H6. The results are shown in the same format as Fig. 2. The interval

contains the PQ3 Q branch of the C2H6 v7 band at 2976.8 cm l. The spectrum was

recorded on February 28, 1998. The astronomical zenith angle of the measurement is

indicated.
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Figure 5. Daily average 3.4-16 km C2H6 vs. CO columns. Measurements from all

seasons are included. The solid line shows a fit to the observations assuming the two

quantities are linearly related with an extrapolation to a C2H6 3.4-16 km column of 0.0

shown as a dashed line. The slope, x-intercept, and correlation coefficient are reported.

Figure 6. Examples of spectra and least-squares best-fits in the microwindow used to

retrieve profiles of HCN. The two cases are shown in the same format as Fig. 2. They

were selected to illustrate similar airmass observations and the wide range in retrieved

HCN 3.4-16.0 km column amounts during the November time period. The upper

spectrum corresponds to a 3.4-16 km column of 9.14 x 101 s molecules cm 2 from

November 15, 1997, while the observation in the lower panel corresponds to a retrieved

3.4-16 km column of 8.78 x 1014 molecules cm "2. The spectrum was recorded on

November 2, 1996.

Figure 7. Measured HCN 3.4-16 km columns versus time. Daily averages are shown

with plus symbols. Corresponding approximate mean mixing ratios are shown on the

right vertical axis. Solid curves show least-squares best-fits to the daily-mean 3.4-16 km

columns with the seasonal variation and long-term trend displayed separately.

Figure 8. Time series of CO, C2H6, and HCN 3.4-16 km columns for the last half of

1997. Daily averages are shown. Approximate corresponding average mixing ratios for

the 3.4-16 km altitude region are shown on the right vertical axis.
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Figure 9. Kinematic back-trajectories calculated for up to 10 days originating at Mauna

Loa between 10 November and 29 November 1997. Calculations are shown for ending

altitudes of 11 km (left) and 7 km (right).



54

Addresses of Authors

R. D. Blatherwick, S. J. David, A. Goldman, F. J. Murcray, T. M. Stephen, Departmem

of Physics, University of Denver, Denver, CO 80208 (email: blathe@meeker.ucar.edu;

Shelle@dove.uear.edu; goldman_acd.ucar.edu; murcray@ram.phys.du.edu;

tstephen@du.edu)

N. B. Jones and B. J. Connor, NIWA Climate, Private Bag 50061, Omakau, Lauder 9182,

New Zealand (email: jones@kea.lauder.cri.nz; connor@kea.lauder.cri.nz)

Paul C. Novelli, Climate Monitoring and Diagnostics Laboratory, National Oceanic and

Atmospheric Adminstration, 325 Broadway, Boulder, CO 80303 (email:

paul@hpsrv.cmdl.noaa.gov)

N. S. Pougatchev, Department of Physics, Christopher Newport University, Newport

News, VA (email: n.s.pougatchev@larc.nasa.gov)

C. P. Rinsland and J. Fishman, NASA Langley Research Center, Mail Stop 401A,

Hampton, VA 23681-2199 (email: c.p.rinsland@larc.nasa.gov;

j.fishman@larc.nasa.gov)



Fisure i

40_
y-
F-

7-

y-
.---. ___
__ 30

._. _-

20

b-

b-,
,.....l
< 10

\

\

3.4-16 km
3.4- I O0 km

O_ I I

-1.5 -I.0 -0.5

i I I

0.0 0.5 1.0

CO AVERAGING KERNELS

i

1.5 2.0

40

..--..

30

20-

[..

< 10

0

-1.5

3.4-16 km
3.4-100 km

I I

-1.0 -0.5

• I I .... , , . , i

I

\

\

\

I L L

0.0 0.5 1.0

C2H _ AVERAGING KERNELS

2.0

40

30

20

[.-,
[.-,

.< 10

\
\

\

\

3.4-16 km
3.4- 100 km

I , I

-I.0 -0.5

l

, i I J

0.0 0.5 1.0

HCN AVERAGING KERNELS

i

l

1.5 2.0



Figure 2

< 0"004 I

0.002 --

__. o
-0.002

0.004

MAUNA LOA CO

1.05 I I I

+
74.26 deg

calculated
observed

I I I

4274.6 4274.7 4274.8 4274.9

.<
Z

O3

1.10

1.00

0.90

0.80

0.70

0.60

0.50

4284.7.

I I

l

4284.8

| I I

4284.9 4285.0 4285.1

WAVENUMBER (CM-')

!

4285.2 4285.3



Fisure 3

150 ........... I ........... { ........... i ...........

>
.Q

0
o

I00

5O

..... © CMDL monthly mean

-- • FTS 3.4-16 km monthly mean

0 I I I I i I I I I l i { l i I I I I I i ' i i I i L I I I I l I i l I ] 1 I { I I 1 I i i } I

1995 1998 1997 1998 1999

OBSERVATION DATE (year/month)



Fisure 4

'-J.,¢ 0.006 f

0.003
0

-0.003
-0.006

1.05 1 I I I 1

1.00

-
0.95 "---

r"

i 75.63 deg

+

0.90 observed _

I I I0.85 I

2976.5 2976.6 2976.7 2976.8 2976.9
WAVENUMBER (cm -1)

2977.0



Figure 5

T

O

G0

O.

O

X

N

15

10

1

0

0.0

l a ! i

all seasons

I ' ' ' ' I ' ' ' ' I '

x-intercept= 1.11 e + 17 ++++__+//_+JrJ= 0.926768, slope= 9.35e-03 + +

+ _-++ +_+ _-

++

/

/

/

/

/
/

/

/

/
,( , , , I , , , , I , , , , I J

0.5 1.0 1.5
CO x 10 _' molecules era"

! ...

2.0



Fisure 6

_n

e-,

o_

0.004_

0.002
0

-0.002
-0.004

1.05

1.00

,,.= 0.95

Z

¢n 0.90

0.85

0.80

3287.1

t i i i J

70.82 deg

I I I I I

3287.15 3287.2 3287.25 3287.3 3287.35 3287.4

0.00_
0.00

-0.002
-0.004 [

1.05

1.00

..= 0.95

Z

¢n 0.90

0.85

l l a i b

11/o2/98
70.4.3 deg

+ calculated
__ observed

I I I I I

3287.t5 3287.2 3287.25 3287.3 3287.35
WAVENUMBER (cm")

I

3287.4



Fisure 7

1×1016 ..... t ........... I ........... i .....

8xi0
15

_D
-- 6xlO 15

I

Z

-: 015o 4xl

Z

15
2xlO

+

++

+

÷

+q++

+_ _ __+

+ + _ '

f ___ + +

+++ + + + ++
T +-F-

1996 1997 1998
YEAR

0.6

>

=.

- 0.4_
o

°.,,q

0.2



Fisure 8

18,2.0xlO

o a___ 1.5xlO 1

I

"_ 10181.Ox
Z

17
5.0x10

" f0

_ 0

Jul

i

4-

+ _+
$- + -___ +

+

I

_+

I I

4-

Aug Sep Oct

4-+

4- 4--4-
4- 4-4--

4- +

4-,-r
+

_g.

_÷

I I

Nov Dec

- 150

>

00""
o

°_

- 50 =

._.,q

0

_. 1.5xlO 16

o
o

_0 16
1.0×10

I

_3

Z

15
5.0x 10

O
{.D

0

T

+

4-

+# +++++
% + +

.4-
4-

+4=

4- + 4-4-

4-

4-

1.0

0.8 _

- 0.6-£

L

-'0.4
._

X
._

_0.2_

0.0

Jul Aug Sep Oct Nov Dec

16

I

Z

0
G)

Z
G_

lxl0

8x10 15

6xlO 15

4x1015

2x101510

Jul

+
4+ + +_+ _ _ #

I

Aug

4-

444-

4-

4-
+

4- 4- 4.-
4-

-44-
•4- 4-

+ 4- 44._+-_'++++H-+ +
4- +

I I

4-

I

NovSep Oct
1997

4-

+
+

+

4-.4-
4-

+ -r .-,-

Dec

A

0.6

-, o.4 .£

I I.,

-0.2 -

',o.o



Figure 9

2oi 110

5

0

80

70

60

50

40

30

20

[0

0

-tO

-20

0

i

o

60 120 180 -120 -60

Longitude

20

E 15

-_ 10
.=

t_

"_ 5

0

8O

70
=

60

(P

..J

5O

40

3O

20

tO

0

-tO

-20

0

i i i |

/f.rLL.._ ' • _ -

. Loa .

60 120 180 -120 -60

Longitude







Northern and Southern Hemisphere Ground-Based Infrared Spectroscopic Measurements

of Tropospheric Carbon Monoxide and Ethane

z Jennifer A. Logan, 32 Brian J. Connor,
Curtis P. Rinsland, I Nicholas B. Jones, 5Thomas M. Stephen, 5 Alan
Nikita S. Pougatchev, 4 Aaron Goldman, 5 Frank J. Murcray,

7 Emmanuel Mahieu 7, and Philippe Dem oulin7
S. Pine, s Rodolphe Zander,

iAtmospheric Sciences Division, NASA Langley Research Center, Hampton, Virginia

2National Institute of Water and Atmospheric Research, Lauder, New Zealand

3Department of Earth and Planetary Sciences and Division of Applied Sciences,

Harvard University, Cambridge, Massachusetts

4Christopher Newport University, Newport News, VA

5Department of Physics, University of Denver, Denver, Colorado

SAlpine Technologies, Germantown, MD
71nstitute of Astrophysics and Geophysics, University of Liege, Li_ge-Cointe,

Belgium



i

Abstract

Time series of CO and C2H 6 measurements have been derived from high resolution

infrared solar spectra recorded in Lauder, New Zealand (45.0 °S, 169.7°E, altitude

0.37 km) and at the U. S. National Solar Observatory (31. 9°N, III.60W, altitude

2.09 km) on Kitt Peak. Lauder observations were obtained between July 1993 and

November 1997 while the Kitt Peak measurements were recorded between May 1977

and December 1997. Both databases were analyzed with spectroscopic parameters

that included significant improvements for C2H 6 relative to previous studies.

Target CO and CzH 6 lines were selected to achieve similar vertical samplings

based on averaging kernels. These calculations show that partial columns from

layers extending from the surface to the mean tropopause and from the mean

tropopause to lOOk mare nearly independent. Retrievals based on a semiempirical

application of the Rodgers optimal estimation technique are reported for the

lower layer, which has a broad maximum in sensitivity in the upper troposphere.

The Lauder CO and C2H 6 partial columns exhibit highly asymmetrical seasonal

cycles with minima in austral autumn and sharp peaks in austral spring. The

spring maxima are the result of tropical biomass burning emissions followed by

deep convective vertical transport to the upper troposphere and long-range

horizontal transport. Significant year-to-year variations are observed for both

CO and C2H 6, but the measured trends, (+0.37±0.57)9 yr -I and (-0.64±0.79)_ yr -I,

I sigma, respectively, indicate no significant long-term changes. The Kitt Peak

data also exhibit CO and C2H s seasonal variations in the lower layer with trends

equal to (-0.27±0.17)9 yr -I and (-1.20±0.35)9 yr -I, i sigma, respectively. Hence,

a decrease in the Kitt Peak tropospheric CzH6 column has been detected, though

the CO trend is not significant. Both measurement sets are compared with

previous observations, reported trends, and three-dimensional model calculations.
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i. Introduction

Carbon monoxide (CO) and ethane (C2H6) are important indicators of

tropospheric pollution and transport because they are emitted primarily by

anthropogenic sources [Logan et al., 1981; Rudolph, 1995], they have relatively

high tropospheric abundances [e.g., Novelli et al., 1992; Blake and Rowland,

1986], and moderately long tropospheric lifetimes. Hough [1991] used a two-

dimensional global tropospheric model to estimate mean annual globally averaged

tropospheric lifetimes of 52 and 59 days for CO and C2H 6, respectively. These

lifetimes are significantly shorter than that of CH 4 (7 years [Hough, 1991]), and

hence both gases are less well mixed throughout the troposphere than methane

[e.g., Reichle et al., 1986; Singh and Salas, 1982]. However, the lifetimes of

CO and CzH 6 are long enough for both gases to be possibly influenced by multiple

sources, over a large region, potentially with different emission fingerprints

[McKeen et al., 1996]. Dilution of emissions with "background" air during

transport from distant source regions (especially during vertical mixing) is an

important consideration for interpreting measurements at relatively unpolluted

locations [Singh and Zimmerman, 1992; McKenna et al., 1995; Smyth et al., 1996].

Both CO and C2H _ share a common initial, principal tropospheric sink, their

reaction with OH radicals [Levy, 1971; Crutzen and Gidel, 1983; Ehhalt et al.,

1986; Rudolph, 1995] and are convenient chemical species for remote sensing of

anthropogenic activity based on strong spectral signatures in the mid-infrared

[e.g., Wallace and Livingston, 1990; Zander et al. 1989; Ehhalt et al., 1991].

These absorptions are readily measured in ground-based solar spectra, even at

background conditions in the southern hemisphere [e.g., Goldman et al., 1988;

Rinsland et al., 1994a; Notholt et al., 1997a].



Nadir-viewing infrared measurements of CO were obtained from the U.S. Space

Shuttle in November 1981, October 1984, April 1994, and October 1994 by the

Measurement of Air Pollution from Satellite (MAPS) experiment [Reichle et al.,

1986; 1990; 1998; Novelli et al., 1998], and a few CO and C2H6 vertical profiles

have been derived from Atmospheric Trace Molecule Spectroscopy (ATMOS) Fourier

transform spectrometer (FTS) infrared solar occultation observations in May1985

[Rinsland et al., 1987] and November 1994 [Rinsland et al., 1998], also from the

U.S. shuttle. Because of the short duration of U.S. shuttle flights, these

observations provide "snapshots" of the CO and C2H6 atmospheric distributions

with only indirect information about transport, dilution, and the spatial and

temporal variations of CO and C2H s sources and sinks.

Seasonal variations of CO columns [e.g., Dianov-Klokov and Yurganov, 1989;

Zander et al., 1989; Wallace and Livingston, 1990; Pougatchev and Rinsland,

1995a; Yurganov et al., 1997; Notholt et al., 1997b] and C2H6 columns [e.g.,

Ehhalt et al., 1991; Rinsland et al., 1994a,b; Notholt et al., 1997b] have been

derived from ground-based infrared solar absorption spectra. These measurements

complement the spaceborne observations (cited above), airborne spectroscopic

column measurements [Coffey et al., 1985; Toon et al., 1992], and in sicu

aircraft measurements of CO and C2H6 [e.g. Blake et al., 1997; Talbot et al.,

1996; Matsueda et al., 1998] by providing databases covering longer time periods,

potentially with information on long-term trends free of drifts in calibration

standards [e.g., Mahieu et al., 1997]. Ground-based solar measurements sample

a broad altitude range. Hence, they measure plumes of pollution, uplifted by

deep convection from the surface to the upper troposphere and transported long

distances from sources by the prevailing winds [Dickerson et al., 1987;

Heintzenberg and Bigg, 1990; Chatfield et al., i996; Pickering et al., 1996;



Fuelberg et al., 1998; Matsueda et al., 1998]. Such plumes of pollution, located

aloft, are not measured by surface level in situ sampling.

Most of the surface emissions of CO and C2H6 originate at northern mid to

high latitudes [Logan et al., 1981; Khalil and Rasmussen, 1990; Kanakidou et

al., 1991; Rudolph, 1995; Manning et al., 1997]. Surface sources of CO in this

latitude range are mainly related to combustion, e.g. automobile exhaust

emissions, coal and oil burning, and natural gas losses. Ethane surface

emissions in these latitudes are primarily due to natural gas losses (see Rudolph

[1995] and the references cited therein).

Tropospheric measurements in the extratropical southern hemisphere (ETSH,

defined as 30°S-90 °S by Manning et al. [1997] and 35°S -900S by Rudolph [1995])

show large seasonal variations in both CO [Steele et al., 1996; Novelli et al.,

1998; Manning et al., 1997] and C2H 6 [Rudolph et al., 1989; Rudolph, 1995;

Clarkson et al., 1997]. The dominant cause of these variations is the long range

transport of tropical biomass burning surface emissions [e.g., Watson et al.,

1990; Heinzenberg and Bigg, 1990; Fishman et al., 1991]. Peak tropical biomass

burning north of 5°N usually occurs from March to June and south of the equator

between September and December [Hao and Liu, 1994]. In situ production of CO

from the oxidation of atmospheric CH4 during transport is also an important

source of CO in the ETSH [Manning et al., 1997], but the calculated yield is

quite uncertain [Manning et al., 1997; Conny and Currie, 1996]. Although the

tropospheric mixing ratios of CO and C2H6 are much higher in the northern

hemisphere than in the southern hemisphere [e.g., Logan et al., 1981, Fig. 9;

Rudolph, 1995, Fig. 4], the exchange between the hemispheres is limited by the

short lifetimes of CO and C2H _ in the tropics (about i month) relative to the

interhemispheric exchange time (i to 2 years) [Maiss et al., 1996; Geller et al.,



1997; Manning et al., 1997]. Biogenic emissions of C2H 6 may be important on a

relative basis in remote regions [Hough, 1991; Zimmerman et al., 1978; Singh and

Zimmerman, 1992; Rudolph, 1995].

The purpose of this paper is to report multiyear time series of CO and C2H s

measurements derived from high resolution infrared solar absorption spectra

recorded at two remote stations, both located at midlatitudes, one in the

northern hemisphere and the other in the southern hemisphere. A common set of

spectroscopic line parameters and analysis procedures were used so that the

results from the two sites are consistent. Significant improvements in the C2H s

spectroscopic parameters relative to those assumed in previous studies have been

incorporated. The observations have been analyzed and characterized with a

line-by-line, multilayer algorithm based on the semiempirical version of the

optimal estimation technique. The northern and southern hemisphere CO and C2H s

columns were derived for two nearly independent layers, the lower extending from

the surface to the altitude of the mean tropopause (12 km for Lauder, IA km for

Kitt Peak) and the upper layer extending from the altitude of the mean tropopause

to i00 km. Here we report and contrast the northern and southern hemisphere

results for the lower layer. The southern hemisphere measurements were obtained

with sufficient frequency over a 4.5-year period (1993-1997) to quantify the

interannual variability of both gases and comment on the suggestion that tropical

biomass burning may be either increasing [Watson et al., 1990; Houghton, 1991;

Hao and Liu, 1994; Kim and Newchurch, 1996, 1998] or decreasing [Khalil and

Rasmussen, 1994]. Rudolph [1995] highlighted C2Hs as a potentially useful gas

for that purpose. Owing to their similar lifetimes, the near simultaneous

observations of CO and CzH 6 provide a measure of seasonal changes in the relative

importance of surface emissions and in sicu photochemical CO production from CH 4
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oxidation in the tropospheric column. This consideration is particularly

important for interpreting measurementsfrom the southern hemisphere, where the

seasonal cycles of C2Hs and COdestruction by OHare in phase with the seasonal

dependenceof biomass burning [Rudolph et al., 1989].

We start with a discussion of the observational database (section 2) and

the spectral analysis method (section 3). Section 4 describes the spectral

regions and line parameters adopted in the analysis. As reported in section 5,

after the initial retrievals were run, an objective procedure was used to remove

poor quality measurements from the database. Section 6 discusses the error

analysis and sensitivity studies. The time series of measurements from both

sites are reported and comparedwith previous observations and model calculations

in section 7. Finally, a brief summaryof the results is given in section 8.

2. Observations

Infrared observations were recorded at the two sites with different

instrumentation. Regular infrared observations from Lauder, NewZealand, were

obtained as part of a program dedicated to the Network for the Detection of

Stratospheric Change(NDSC)[Kurylo, 1991]. Lauder is a designated primary NDSC

station. Observations from Kitt Peak are recorded with a facility instrument,

which is used for laboratory, atmospheric, and astronomical observations in the

visible and infrared. Kitt Peak has been designated as a complementary NDSC

station.



2.1 Lauder database

The Lauder station (altitude 0.37 km, latitude 45.0 °S, longitude 169.7 °E)

is located in a small town (population -50) in the middle of the south island

of New Zealand in a region of minimal industrial activity. Local burnoffs occur

occasionally between about April and September with the majority in August-

October. Spectra recorded on days of particularly intense local burnoffs were

examined for the presence of spectral features characteristic of short-lived

gases emitted by biomass fires (for example, the enhanced IR features studied

in the fire spectra of Worden et al. [1997]). None were detected. Infrared

spectral features of NH 3 have been observed in the Lauder solar spectra with a

strong, positive correlation between the emissions and the local surface

temperature; the most likely source for these emissions is the release of animal

excretion at local farms during warm, dry surface conditions [Murcray et al.,

1989]. Hence, except for occasional local farming-related emissions, the Lauder

site is believed to be representative of background conditions at midlatitudes

of the southern hemisphere.

Broadband IR solar absorption spectra were first recorded from Lauder during

campaigns in 1985, 1986, and 1987 at a resolution of 0.02 cm -I [Murcray et al.,

1989]. These observations covered the 3-5 #m and 8-12 _m regions only, and hence

included measurements of CzH 6, but not CO. These relatively low resolution

measurements are not included in the present study. Regular high resolution IR

solar observations did not begin until September 1990. Initially, these

measurements were obtained with a Bruker model 120-HR FTS, which was replaced

in September 1992 with a Bruker model 120-M FTS. Observations covering both the

CO and C2H 6 regions began with the new instrument in July 1993. The 120-M



spectra are of significantly higher quality than the earlier data, and hence,

only the 120-Mmeasurementsrecorded through November1997 are reported here.

The Lauder 120-Msolar observations were recorded at unapodized resolutions

of 0.0035 or 0.007 cm-I (defined as 0.9 divided by the maximumoptical path

difference) with a liquid-nitrogen-cooled InSb detector and a KCI beamsplitter.

Optical filters were used to limit the spectral bandpasses to 1850-2100 cm-I (CO

fundamental band), 2400 to 3100 cm-I (C2H6v7 band), or 4000 to 4300 cm-I (CO

overtone band). The time required to record a single full resolution spectrum

was 104 s. The typical signal-to-noise ratio for full resolution Bruker 120-M

spectra was about 200:1 near 2000, 2900, and 4200 cm-I. Most of the spectra were

recorded between solar astronomical zenith angles of 45 and 85 = Boxcar

apodization was applied.

A major gap in the Lauder measurements occurred between September 1995

and January 1996 when the 120-M instrument was returned to the manufacturer for

upgrades and maintenance. Several observational gaps of 2 to 3 months also

resulted from failures of the HeNe laser, which measures the optical path

difference.

Instrumental performance varied at Lauder with minor phase errors observable

in most spectra. Comparisons of ozone lines in the spectra with simulations

based on correlative ozonesonde profiles [Rinsland et al., 1996] also indicate

that the instrument line shape function is broader at higher wavenumbers than

predicted from knowledge of the measurement parameters (maximum optical path

difference, applied apodization function, and internal field of view). Modeling

of both of these effects has been incorporated in the spectral analysis as

described in section 3.



2.2 Kitt Peak database

The McMath-Pierce l-m maximum optical path difference Fourier transform

spectrometer [Brault, 1978], on Kitt Peak in southeastern Arizona, U.S.A.

(altitude 2.09 km, 31.9°N, III.6°W), is located on a mountaintop in the Sonora

desert, a semiarid region with sparse population. The FTS is a modified

Michelson interferometer capable of observations in the 550-45000 cm -l range

using a selection of different beamsplitters, detectors, and optical bandpass

filters.

The measurements included in the analysis were recorded with maximum optical

path differences greater than 20 cm and solar astronomical zenith angles less

than 85 ° Liquid nitrogen cooled InSb detectors at the two output ports of the

FTS were used. Typical signal-to-noise ratios of full resolution spectra are

about 200:1, and 150:1 near 2900 and 4200 cm -I, respectively. The Kitt Peak

infrared atmospheric observations are recorded relatively infrequently, typically

4 runs per year totaling a dozen days, but the database spans 1977 to 1997 with

excellent uniformity in observational quality. Except for known problems, which

affect relatively few observations (all of which were eliminated from this

study), the measured instrument line shape function agrees with the function

predicted by theoretical calculations based on the instrumental settings.

3. Analysis Method

The Lauder and Kitt Peak spectra were analyzed with the SFIT2 algorithm,

which has been codeveloped at NASA Langley and NIWA Lauder for the retrieval of

vertical profiles of atmospheric gases from ground-based solar absorption

spectra. The profiles of one or more trace gases as well as the column
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abundances of interfering species are retrieved by simultaneously fitting one

or more microwindows in one or more solar spectra.

Analyses of IR solar spectra with SFIT2 have been reported by Pougatchev

et al. [1995b, 1996] and Connoret al. [1996]. The studies of Pougatchev et al.

[1995b, 1996] included comparisons of the SFIT2 ozone profile retrievals with

correlative ozonesonde measurements. Also, total columns of several gases

retrieved with SFIT [Rinsland et al., 1982a, 1984], which has the sameforward

model as SFIT2, have been comparedwith retrievals from the samespectra obtained

with independently developed NDSCalgorithms [Zander et al., 1993].

SFIT2 contains all the componentsrequired for retrieval of vertical volume

mixing ratio profiles from atmospheric datasets recorded with a ground-basedFTS

in solar absorption mode (refractive atmospheric ray tracing, forward line-by-

line radiative transfer model, FTSinstrument model, solar COabsorption model,

and the inverse model). Modeling of instrumental performance includes parameters

to simulate symmetric and asymmetric distortions of the instrumental line shape

function.

3.1 Forward Model

Monochromatic transmittances are calculated at a uniform grid spacing of

<0.0005 cm-I with a line-by-line model that assumesa Voigt shape [Drayson, 1976]

for lines in all atmospheric levels. Refractive ray tracing [Gallery et al.,

1983] is used to generate density weighted effective temperatures and pressures

for each of 29 layers with upper and lower model boundaries at the surface and

i00 km. Vertical layer thicknesses are set to 2 km up to an altitude of 50 km.

Higher altitude layer boundaries are at 60, 70, 80, and I00 km.
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The FTS instrument response function is modeled by transforming the

calculated monochromatictransmittance spectrum to the Fourier domainwith a fast

Fourier transform. The model interferogram is then multiplied by the applied

apodization function and a function to simulate the decrease in fringe visibility

with optical path difference due to the finite solid angle of the instrument

internal field of view [e.g., Bell, 1972]. In the absence of instrumental

distortions, the synthetic spectrum is obtained from the inverse Fourier

transform of the model interferogram.

SFIT2 incorporates modeling of the combined effects of symmetric and

asymmetric distortions of the line shape function [Guelachvili, 1981]. Several

different functional forms have been implemented. Twoparameters were introduced

to model the Lauder data. One parameter is used to model the symmetric line

shape distortions with the straight-line approximation of the effective

apodization function [Park, 1983, Eq. 24]. A second parameter is used to model

the asymmetric line shape distortions assuming a constant phase error [Park,

1983, section 2B; Guelachvili, 1981, pp. 22]. The Lauder spectra were simulated

by Fourier transforming the model interferogram (including the simulated

distortion effects) back to the spectral domain.

Atmospheric spectroscopic parameters defined in the format of the HITRAN

database [Rothman et al., 1998, Table 3] are read by SFIT2. All are used

including the air pressure-shift coefficient and the coefficient of the

temperature dependence of the air-broadening coefficient. The isotope code

number is read to derive the isotopic massneeded to calculate the Doppler width

in each layer. Becauseof large fractionation effects in the atmosphere, HDO

is treated as a separate molecular species. The line intensity in each layer

is computed from the variations of the rotational and vibrational partition



12

functions of the molecule with temperature relative to the reference values at

296 K [Norton and Rinsland [1991, Eqs. 1-3]. An updated set of molecular

parameters based on Norton and Rinsland [1991, Table II] is assumed.

All telluric CO lines are overlapped by absorption from solar CO lines.

Additional solar COlines are observable in the solar spectrum because of the

high solar temperature and the high dissociation energy of CO. A single layer

at 4500 K is assumedto compute the solar COlines with the Minnaert empirical

formula [Kilston, 1975; Rinsland et al., 1982b], given by

I_/Rv = I/Re + I/(KvU)
(1)

where R_ is the residual intensity (absorbed fraction of solar continuum

radiation), R= is the limiting residual intensity, Kv is the monochromatic

absorption coefficient at wavenumber v, and U is the solar CO column abundance.

Line parameters from HITRAN 1996 [Rothman et al., 1998] were assumed to calculate

the solar CO line list at 4500 K.

We further assume that all solar CO lines have a Voigt line shape with the

Doppler line width at 4500 K scaled by a multiplicative factor to account for

microturbulence in the solar atmosphere. The Lorentz width and the

microturbulence scale factor are taken to be the same for all solar CO lines.

A wavenumber shift parameter is included to account for the differential Doppler

shift of the solar lines with respect to the telluric lines. In summary, five

parameters are used in SFIT2 to model the absorption by solar CO lines. The

parameters are R=, U, the Doppler width multiplicative scale factor, the Lorentz

width, and the differential wavenumber shift. This model yields calculated solar

CO lines with absorbances that match the observed values to i5% or better.
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3.2 Inverse model

The inverse method used in SFIT2 assumesthe optimal estimation formalism

of Rodgers [1976] modified on the basis of its semiempirical implementation for

NDSCmicrowave profiling of stratospheric 03 [Parrish et al., 1992; Connor et

al., 1995]. Following the nomenclature in these papers, an observing system

maybe defined conceptually by

y - F(x,b) + ey
(2)

where y is the vector of measurements,F is the forward model that characterises

the measurementsin terms of x, the state vector of parameters to be retrieved,

b is the vector of model parameters which are assumed (not retrieved), and ey is

the vector of measurement errors, which are assumed to be normally distributed

with zero mean.

The optimal estimation method requires specification of the following 3

inputs for x: (I) x a, the a priori state vector; (2) Sa, the covariance of xa;

and (3) Se, the covariance of the measurement errors, ey. The parameters to be

retrieved simulate the target atmospheric absorptions, the interfering

atmospheric absorptions, and the solar CO absorptions. Parameters are also

included to model the instrumental performance.

In practice, the true a priori profile and its covariance are not known.

In the semiempirical approach to optimal estimation [Parrish et al., 1992; Connor

et al., 1995], the selections of the a priori mixing ratio profile is based on

the best available information. Simulations are then generated and the

covariance of the a priori state vector is adjusted empirically to yield the

desired performance, specifically, spectral fits to the noise level of the

measurements with minimal differences between the input vs. retrieved profiles
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for the altitude range where the technique has sensitivity and avoidance of

nonphysical oscillations in the retrievals. The simulated data are usually based

on atmospheric observations, but ideally infinite resolution profiles with the

true mean profile and covariances are used.

An additional empirical modification to the method has been applied to set

the values for the measurement covariance matrix Se. As already noted, formally

the measurement errors are assumed to have a normal distribution. We further

assume that Se is diagonal; i.e. the measurement errors at each wavelength are

independent with the variance set for each spectral region on the basis of the

measurement signal-to-noise ratio.

3.2.1. Atmospheric state parameters. Modeling of the atmospheric state

requires specification of the target gas a priori mixing ratios in each of the

29 layers in the atmospheric model. Furthermore, all of the selected spectral

windows contain significant absorptions by interfering molecules, which were

individually modeled by either retrieving their vertical profile or by

multiplicatively scaling the a priori volume mixing ratio profile by a single

factor. Selections of intervals for the CzH s and CO retrievals are discussed

in sections 4.1 and 4.2, respectively.

The a priori atmospheric volume mixing ratio profiles for CO and CzH 6 were

obtained from several sources. For CO above Lauder, the vertical profile is

based on the average of aircraft flask air sample measurements obtained during

the months of April and October over Bass Strait and Cape Grim, Tasmania, and

analyzed by gas chromatography (L. P. Steele and R. L. Langenfelds, private

communication, 1997). These observations have been described by Langenfelds et

al. [1996] and Pak et al. [1996] and are reported in the NOAA/CMDL

gravimetrically derived CO scale [Novelli et al., 1991, 1998]. The two aircraft
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profiles were extended above the highest measurementaltitude of 8 km on the

basis of the April-May 1985 ATMOSmeasurementsat 48°S [Gunson et al., 1990].

The two profiles are plotted in the paper by Pougatchev et al. [1998, Fig. 3].

The a priori profile for CzH6 above Lauder was taken as that described by

Rinsland et al. [1994a]. This profile below 14 km is based on a seasonal average

of the global two-dimensional model profiles calculated for the latitude of

Lauder [Kanakidou et al., 1991, Figure 7]. An exponential decline with a 3 km

scale height is assumedat higher altitudes based on stratospheric measurements

(e.g., Rinsland et al. [1987]).

The COa priori profile for the Kitt Peak analysis is based on an average

of tropospheric aircraft samplings at Carr, Colorado (40. 9°N, I04.8W) obtained

between November1992 and December1996 [Tans et al., 1996] and an average of

3 ATMOS/ATLAS3 profiles measuredat 32°N±I° latitude in November1994 [Gunson

et al., 1996]. The Carr measurements, also on the NOAA/CMDLgravimetrically

derived CO scale [Novelli et al., 1991, 1998], were used to define the CO a

priori profile from the surface to 10km. Observations marked as having analysis

or sample problems were excluded. The mean ATMOSmeasurement defines the a

priori profile between 16 to I00 km. A spline fit was used to smoothly connect

the two profiles in the intermediate altitude regime. The C2H6 a priori profile

above Kitt Peak was adopted from the reference listing of midlatitude northern

hemisphere profiles compiled by Smith [1982].

The mixing ratio of CO in the lower stratosphere is fairly constant because

of its production from the oxidation of CH 4 is balanced by OH reaction losses.

In contrast, there is a steep decline in the C2H 6 volume mixing ratio above the

tropopause because of reactions with both OH radicals and CI atoms [e.g., Goldman

et al., 1984; Rinsland et al., 1987].
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Covariances for the CO and CzHe mixing ratio vectors were taken to be

diagonal. Additionally, we expressed the uncertainties relative to the a priori

mixing ratio in the layer. For CO, the diagonal elements in the Sa matrix were

calculated from sii = (klqai) 2 where qa± is the corresponding element of the CO a

priori profile and ki equals 0.2 for all layers. This value was tested by

generating synthetic spectra for a realistic set of atmospheric profiles and

performing retrievals on the synthetic observations. Figure I illustrates a

comparison for Kitt Peak of 2.09-14 km retrieved columns with the "true" columns.

The results are based on individual CO profiles from 82 aircraft flights from

Carr, Colorado during all 4 seasons. Each aircraft profile was extrapolated

above the flight altitude, as already described. The rms difference between the

"true" and retrieved CO 0.37-14 km columns is 2.735xi 01s molecules cm -2, 2% of the

0.37-14 km a priori column. As shown in the figure, there is no systematic bias

between the "true" and retrieved columns over the full factor of two range in

the measurements.

Unfortunately, there are no comparable sets of CzH 6 tropospheric profile

measurements appropriate for the Kitt Peak or Lauder analysis. We selected k i-

1.0 for all layers. This weak constraint yields a small relative contribution

of the a priori profile to the retrieval.

An a priori value of 1.0 and a variance of 0.3 were assumed for the factor

to multiplicatively scale the a priori mixing ratios to retrieve the total column

of each molecule with significant interfering absorption. As expected, tests

show that the a priori variance is a weak constraint (i.e., the relative

contribution of the a priori to the retrieval is small) provided that the

interfering molecule absorbs significantly in the measured spectrum.
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3.2.2. Solar CO parameters. As described in section 3.1, 5 parameters

are required to model the absorption by solar CO lines with the a priori values

set on the basis of window-by-window fits to ATMOS exoatmospheric solar spectra,

except for the solar-atmospheric differential wavenumber shift, which was set

to zero. The parameter values were assumed uncorrelated (off-diagonal elements

equal to zero). Very small variances were assumed for R c and U, so that the a

priori values were adopted in the retrievals. The variances of the other

parameters were set large enough to make the retrieved values practically

independent of the a priori settings; hence, the information used in the

retrieval came almost entirely from the measured spectrum.

3.2.3. Instrument performance-related parameters. Model parameters

retrieved in the analysis are the wavelength scale calibration factor, the slope

of the background (100% transmission line) in each window, and the phase error

(Lauder data only). A priori values were set to realistic estimates (e.g., zero

for the background slope). The individual parameters were assumed to be

independent (coefficients of off-diagonal elements set to zero). Variances for

the individual parameters were set to large values to avoid underfitting the

measured spectrum. The phase error was assumed to be independent of wavenumber

in the analysis of the Lauder spectra.

As already mentioned, the Lauder spectra also show an instrument function

that is broader than the theoretical one with the discrepancy increasing at

higher wavenumbers. The coefficient of the straight line effective apodization

parameter used to model the symmetric broadening was assumed, not retrieved.

The value for the C2H 6 region was derived from spectral fits to strong, isolated

03 lines near the same wavelength with the vertical 03 profile distribution

constrained to agree with same day ozonesonde measurements [Rinsland et al.,
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1996]. Based on the measured dependence of the effective apodization coefficient

with wavenumber (determined in the same way from 03 spectral fittings), an

extrapolated value was derived for the analysis of the CO (2-0) band lines. The

coefficient co [Park, 1983, Eq. 24] was set to -0.35 at 2976 cm-I (C2H6 region)

and -I.0 at 4200 cm-I (CO region).

The Kitt Peak instrumental function is close to the theoretical function

calculated from the instrumental settings at the time of measurement. Hence,

the theoretical instrument function was assumed (c0-O.0).

3.2.4 Additional assumed parameters

The vertical temperature profiles for Lauder were specified on the basis

of daily mean National Centers for Environmental Prediction (NCEP) measurements

from 0 to 55 km and smoothly connected to agree with the 1976 U.S. Standard

Atmosphere above 65 km. The assumed temperature profiles for Kitt Peak are based

on a similar procedure.

The vertical volume mixing ratio profiles for the interfering molecules were

assumed from previous observations near the same locations or compilations of

reference profiles (e.g., Smith [1982]).

4.0. Spectral Windows and Line Parameters

Selections of the spectral intervals for analysis were based on 4

considerations: (I) the availability of target gas spectral features with

minimal interferences from other atmospheric and solar lines, (2) the quality

of the available spectroscopic line parameters, (3) a minimal sensitivity of the

target spectral features to errors in the vertical temperature profile, and (4)

a similar vertical sampling of the atmosphere. The last criterion was dictated

by the goal of comparing same day CO and C2H B tropospheric measurements to take
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advantage of their very similar tropospheric lifetimes with commonprincipal

destruction via reactions with OHradicals [e.g., Kanakidou et al., 1991, Fig.

4; Law and Pyle, 1993, Fig. I].

The selection of the spectral intervals was also constrain by the existence

of only relatively weak absorption features of C2H6 in ground-based infrared

solar absorption spectra. The most favorable ones for remote sensing are the

sharp PQ3and rQ0 subbranches of the v 7 perpendicular band at 3 _m [e.g., Ehhalt

et al., 1991; Rinsland et al., 1994a,b]. Lines of CO with a wide range of

absorption depths are present in ground-based solar spectra.

Averaging kernels provide a direct assessment of the theoretical altitude

sensitivity for an observing system in the absence of errors in the measurements

and the model parameters [Rodgers, 1990, section 4]. They show explicitly how

the true profile is smoothed in producing the retrieved profile. A perfect

measurement system would sample the intended altitude region uniformly with no

smoothing; put another way, the averaging kernel for each altitude would be a

6-function.

Figure 2 presents partial column averaging kernels for Lauder profile

retrievals of CzH 6 (top) and CO (bottom) obtained with the selected parameters.

The assumed a prior/ volume mixing ratio profiles, Sa covariance matrices,

spectral intervals, and spectroscopic parameters are described in sections 4.1

and 4.2. The calculated kernels also depend on the signal-to-noise ratio and

the spectral resolution of the measurements [Connor et al., 1996]. Typical

Lauder observation values of 200 and 0.0035 cm-I were assumed, respectively. The

kernels for partial columns were first generated for the 29 layer atmospheric

model, then combined to derive the curves for 0.37-12, 12-100, and the total

column, 0.37-100 km. The boundary at 12 kmwas selected to correspond with the
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average altitude of the tropopause above Lauder. The Lauder tropopause height

varies between about and 17 km (G. Bodeker, NIWALauder, private communication,

1997). Similarly, the Kitt Peakobservations were analyzed in two layers, 2.09-

14 km and 14-100 km, with the boundary selected to correspond the approximate

average altitude of the tropopause above Kitt Peak.

The Lauder partial column averaging kernels for the two layers (long and

short dashedcurves in Fig. 2) show little overlap with well separated peaks for

the lower and upper layers with maximaat altitudes of 10.9 and 32.7 km for C2H6

and 8.0 and 34.2 km for CO, respectively. Hence, the atmosphere is being

sampled for CzH6 and COwith similar vertical sensitivities, and the measurements

of the two regions are nearly independent of each other. The COcalculations

in Fig. 2 are based on profile retrievals from two weak lines, the R(3) and R(6)

transitions of the (2-0) band.

Figure 3 shows the vertical sampling achieved for CO above Lauder with

alternate spectral selections for COand a different retrieval method. The upper

panel showsCOpartial columnaveraging kernels calculated for profile retrievals

from the COR(3) (I-0) line at 2157.2997 cm-I. This line is two orders of

magnitude stronger than the two COlines used for the Fig. 2 COcalculations.

The partial column averaging kernel for the 0.37-12 km layer peaks at 5.5 km.

The reduced sensitivity to profile changes in the 12.0-I00 km layer results from

absorption saturation near line center. The lower panel of Fig. 3 presents CO

partial column averaging kernels obtained from the two weak COlines used in Fig.

2, but the retrievals were performed by multiplicatively scaling the a priori

mixing ratio in all 29 model layers by a single factor. The 0.37-12 km and 12.0-

i00 kmkernels both peak at 32.6 kmwith poor sensitivity to COmolecules in the
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troposphere. Although not shown, results for CzH6 and the multiplicative scaling

method are similar (the C2H6 absorption is weak).

Results for the Kitt Peak partial and total columns are similar to those

presented in Figs. 2 and 3. The spectral windows, molecular and solar

interferences, assumed spectroscopy, and the SFIT2 parameter settings are

discussed for each molecule in the following 2 subsections.

4.i Ethane

The retrieval C2H8layer column abundances from the Lauder and Kitt Peak

spectra is based on the analysis of the PQ3subbranch of the v7 band at 2976.8

cm-I This feature is prominent in high resolution infrared solar spectra and

has been used frequently for quantification of C2H6 atmospheric amounts. In the

present work, we report significant updates to the spectroscopy in the 2976.8-

cm-I region.

Pine and Stone [1996] reported the analyses of the PQ3 and rQ0 C2H6

subbranches from Doppler-limited and air-broadened laboratory spectra recorded

at 161±5 and 296±1 K and sub-Doppler resolution molecular beam C2H6 spectra

recorded at an effective temperature of 50 K. The results of their PQ3analysis

yielded measured positions for individual transitions up to J=16 in the A

torsional state and J_13 in the E torsional state. A1_A2-typedoublet splittings

were measuredfor J_8 and modeledwith a power-series expansion in J(J+l). Also,

air broadening coefficients and pressure shift coefficients in air were measured

at 161 and 296 K [Pine and Stone, 1996, Table I]. A single Lorentz air

broadening coefficient and a single air-broadened, pressure-induced shift

coefficient were found to fit the absorption by all lines at 161 and 296 K. The

measured Lorentz coefficient of 0.6708±0.0043 cm-I atm-1 at 296 K and a
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temperature dependence coefficient n of I. 01-+0.03, with n equal to

In(7(T)/v(T0)/In(T0/T)) for To equal to 296 K, were derived from the air-

broadening data at the two temperatures. These values are significantly lower

and higher, respectively, than values of 0.09 or 0.i0 cm -I arm -I at 296 K and 0.75

assumed previously in our ground-based spectroscopic studies of C2H 8 from Mauna

Loa and Lauder [Rinsland et al., 1994a,b]. A value of zero for the pressure

shift coefficient of all C2H 6 lines has been assumed in previous analyses of

atmospheric solar spectra.

In the present work, we assumed C2H 6 PQ3 subbranch line parameters from the

work of Pine and Stone [1996] with extensions to include most of the additional

lines in the region (see Pine and Stone [1996], Fig. 9 for a 296 K measurement-

calcuation comparison without the additional lines). Also, absolute intensities

have been derived from the average of two sets of laboratory measurements. We

summarize the results here.

The prominent but previously unidentified feature in the Doppler-limited

lab data [Pine and Stone, 1996] near 2976.855 cm -I has been assigned to the v4

+ v7 v4 PQ3 subbranch. Positions were calculated from Eq. i of Pine and Stone

[1996] assuming manually adjusted values of v0 for the A and E torsional states

and a single value for AB (AD, AH, and Aj were set to zero). Relative

intensities were calculated from the equations and parameters of Dang-Nhu et al.

[1984] with 289 cm -I added for the vibrational energy of the v4 torsional state

[Duncan et al., 1983; Moazzen-Ahmadi et al., 1988, 1992]. The calculated

intensity of the hot band PQs subbranch with respect to the intensity of the v7

PQ3 subbranch was scaled by 0.8 to match the observed absorptions at 161 and 296

K. The relative intensities and shapes of both features are well reproduced at

the two temperatures with these parameters. Lines of v5 and v8 + vll were added
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to the linelist based on the positions and assignments of Pine and Lafferty

[1982, Table 2] and the intensity expressions and parameters of Dang-Nhuet al.

[1984]. The new linelist accounts for most of the absorptions observed in the

PQ3region at 161 and 296 K. Furthermore, it is apparent from plots of the

measuredversus calculated spectra that resonance mixing perturbs the positions

and intensities of several assigned lines in the interval. Figure 4 presents

comparisons of the measured and calculated Doppler-limited C2H6laboratory

spectra at temperatures of 161 and 296 K.

Absolute intensities were derived from an unweighted average of values

calculated from the intensity expressions and parameters of Dang-Nhu et al.

[198&] and a set of intensities inferred from the laboratory measurements of

Pine and Stone [1994]. The results from the more recent measurementsare 0.955

times the earlier ones. The discrepancy of the two intensity values primarily

reflects the uncertainties in the pressure measurements,at low temperatures in

the older study and at low pressure in the newer. The measurementsof Rinsland

et al. [1986] were not considered becauseof their low spectral resolution (0.06

cm -I ) •

The new C2H 6 spectroscopic parameters adopted here are a significant

improvement relative to those assumed in our previous atmospheric studies

[Rinsland et al., 1987; Rinsland et al., 1994a,b]. The previous model neglected

torsional tunneling and Az-A 2 splittings. Also, we previously assumed a 296 K

Lorentz broadening coefficient =30% larger than the value measured for PQ3 by

Pine and Stone [1996]. Further work to estimate the lower state energies of

unassigned lines in the vicinity of the PQ3 subbranch, obtain an improved

description of the intensity perturbations in the region, and calculate the
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temperature dependent C2H 6 partition function with improved accuracy is in

progress.

Except for CzH 6, the spectroscopic parameters were taken from the 1996

HITRAN compilation [Rothman et al., 1998]. The weak temperature-sensitive

absorption by the H2180 line at 2976.7839 cm -I (lower state energy of 1574.679

cm -I) directly overlaps the PQ3 C2H6 subbranch. Parameters for this H21sO line

were added in HITRAN 1996 [Rothman et al., 1998]. Hence, no update was

necessary.

Figure 5 presents molecule-by-molecule simulations and a typical Lauder

spectrum in the region of the unresolved PQs subbranch. The C2H 6 retrievals

reported in this paper are based on the fits to the 2976.62-2976. 9A-cm-1 interval

shown in the figure. The importance of accurate modeling of the interferences,

particularly H20, at the low altitude of the Lauder station is evident, as was

noted previously [Rinsland et al., 1994a]. Four molecules were fitted in this

window: C2H6 ' H20 , CH4, and 03 . Only the profile of CzH s was retrieved; a

multiplicative a priori volume mixing ratio profile scaling factor was retrieved

for each of the other 3 gases. The phase error and zero absorption level were

also fitted in the Lauder spectra. A sample Lauder fit is presented in Figure

.

The PQ3 CzH6 region of the Kitt Peak spectra is similar to the sample Lauder

observations shown in Figs. 5 and 6. However, the interference by H20 is

significantly weaker because of the higher altitude of Kitt Peak. Columns of

CzH 6 obtained with the new line parameters are 13% less than values obtained with

the parameters assumed previously [Rinsland et al., 1994a,b].
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4.2 Carbon Monoxide

The retrievals are based on spectral fittings of 2 intervals containing the

12C0 R(3) andR(6) (2-0) band lines at 4274.7047 and 4284.8911 cm -I, respectively.

Figure 7 illustrates the intervals for a sample Lauder spectrum along with

simulations for H20, HDO, CO, CH 4, and solar CO. The selected intervals avoid

CH 4 octad lines not included in HITRAN 1996 [Rothman et al., 1998] and yield

compatible simultaneous spectral fittings. An unpublished line list shows the

importance of the CH 4 lines missing from HITRAN 1996 [Rothman et al., 1998] in

other portions of the the 4200-4300 -cm-1 region (J.-C. Hilico, private

communication, 1997).

The HITRAN 1996 parameters [Rothman et al., 1998] adopted for the CO

analysis include CH 4 positions and intensities from Brown and Rothman [1982] with

accuracies for single, unblended lines of ±0.0005 cm-I and ±2%, respectively.

Air-broadening coefficients and pressure-shift coefficients at 296 K based on

the work of Malathy Devi et al. [1993] were assumed for CH 4 as given on HITRAN

1996 [Rothman et al., 1998]. A weak, unassigned absorption appears at 4274.81

cm -I in the Lauder and Kitt Peak spectra. A line of HDO was added at this

position. The retrievals satisfactorily reproduce this weak feature for the

range of observational conditions.

The R(3) (2-0) band terrestrial line in the 4274.62 -4274.82-cm-I spectral

interval is overlapped by absorption from the corresponding solar CO transition

with only minor interferences from other gases in the interval. The 4284.75-

4285.18 cm -I spectral interval contains the R(6) terrestrial CO line, several

solar CO lines, and the strong CH 4 line at 4285.1553 cm -I. The retrievals were

performed by fitting for the vertical profiles of both CO and CH 4. A

multiplicative a priori HDO volume mixing ratio profile scaling factor was also
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retrieved to account for variations in the absorption by the 4274.81-cm-I line.

An example of a simultaneous fit to the two COwindows in a typical Kitt Peak

spectrum is presented in Fig. 8.

5.0 Measurement selection criteria

The quality control of retrieved profiles was based on a combination of

criteria that measure the goodness of fit and the relative strength of the target

absorption feature. The first criterion is the familiar root-mean-square error

(rms) between the measured and fitted spectra in the selected intervals. The

latter, called the signal strength ratio (ssr), is the observed depth of the

target absorption feature relative to the noise measured in a nearby window

region. It serves the purpose of identifying spectra in which the target feature

is too weak to be measured accurately. As illustrated in Fig. 9, a plot of rms

versus ssr produces a scatter plot with points that define an elbow-shaped curve.

Values for the maximum rms and minimum ssr are selected near the "elbow" of this

curve to weed out unreliable retrievals. As a final step, all profiles that pass

the rms/ssr criteria are displayed on a single plot, and any further profiles

that are clearly unacceptable (large negative mixing ratio excursions, for

example), are removed. This second step generally deletes only about 5% of the

remaining measurements, which for a variety of reasons, including poorly modelled

interferences, channel spectra, and unwanted instrumental artifacts, produce

instabilities in the retrieval process.

6.0 Error Analysis

In Table i, we report our estimates of the effects of both random and

systematic errors on the retrieved lower layer CO and CzH 6 partial columns. A

single value is given for the two stations where appropriate. We next describe
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the procedures and assumptions used in generating the uncertainty estimates.

6.1. Temperature profile. As already noted, the analysis regions were

selected to contain target lines with intensities insensitive to temperature,

and all retrievals were performed assumingNCEPtemperature profiles calculated

for the date and location of the observations. We generated synthetic spectra

for 3 randomly selected days assuming the nominal temperature profile.

Retrievals were then performed by adding 2 K to the temperature at each altitude.

The magnitude of the mean difference between the true and retrieved partial

column is shown in the table; the errors are 1%or less for CzH6 and CO.

6.2. Noise. Random numbers with zero mean, a normal distribution, and a

root-mean-square deviation equal to 0.5% of the maximum transmission were added

to synthetic spectra generated for the C2H 6 and CO analysis regions. The

simulated noise is typical of the individual Lauder and Kitt Peak spectra. Ten

different seeds were chosen. The retrieved partial columns show no bias with

respect to the true partial columns. As shown in the table, the average

difference between the noisy and true partial columns range from 2 to 7%. Note

that daily averaging further reduces errors due to random instrument noise for

both Lauder and Kitt Peak.

6.3. Interfering atmospheric lines. As mentioned in section 4.1 and

illustrated in Fig. 5, HzO is an important interfering molecule with absorption

overlapping the target C2H 6 PQ3 v7 band subbranch. The two windows selected for

CO contain only minor absorptions by atmospheric molecules.

6.4. Spectroscopic parameters. We estimated a 2% uncertainty in the

retrievals due to spectroscopic parameters errors in the two microwindows

analyzed for CO. This small error estimate is based on the high quality of the

CO parameters in the HITRAN 1996 compilation [Rothman et al., 1998] and our
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avoidance of intervals containing poorly-modeled, interfering CH_ lines. The

spectroscopic updates incorporated for C2H 6 in the present analysis are estimated

to reduce the errors in the C2H 6 retrievals from 10% [Rinsland et al., 1994a] to

5% with the main source of error the uncertainty in the laboratory pressure

measurements.

6.5. State vector of unknowns. The retrieval is a linear combination of

the true and a priori profiles with structures finer than the measurement

vertical resolution poorly determined [Connor et al., 1995]. Although we do not

know the true C2H 6 and CO atmospheric profiles on the dates of observation,

simulations based on correlative observations can be used to show the dependence

of the retrieval on the a priori profile and the assumed S a and S, covariances.

As illustrated in Fig. i, retrievals from synthetic spectra generated from a set

of correlative vertical profiles and the adopted settings yield partial columns

that track the values adopted in the simulations with no deviations from

linearity over the factor of two range in the CO 2.09-14 km a priori partial

columns. Based on these results, we estimate 1% as the error in the lower layer

partial column retrieval due the influence of the a priori profile and the other

state vector parameters.

6.6. Instrument line shape function. A synthetic spectrum was calculated

for the most common spectral resolution of the Lauder observations. The

theoretical instrument line shape function was assumed. A retrieval was

performed from this spectrum with the coefficient of the "straight line"

effective apodization coefficient [Park, 1983] decreased from the nominal value

of 0.0 to -0.i. This case simulates apodization function error that increases

linearly from zero at zero path difference to 10% at the maximum optical path

difference. Changes of 0.1% in the tropospheric layer partial columns of CO and
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CzH 6 were obtained. The Kitt Peak instrument function is well determined so that

instrument function errors are negligible for both molecules. The Lauder CO and

C2H 6 0.37-12 km partial columns are much less sensitive to errors in the

instrument function than those derived for the Lauder 03 0.37-12 km column

[Pougatchev et al., 1996, Table i].

6.7. Forward model. The forward model in SFIT2 is essentially the same

as in SFIT and the algorithms developed at NASA Langley for the analysis of

infrared laboratory [Benner et al., 1995] and infrared solar spectra recorded

with Fourier transform spectrometers [Norton and Rinsland, 1991]. Based on

retrieval comparison exercises that have been performed for atmospheric and

laboratory studies [e.g. Zander et al., 1993], we estimate that errors in

simulated solar spectra generated with the SFIT2 forward model are unlikely to

introduce CzH 6 and CO lower layer partial column retrieval errors greater than

4% for CO and 2% for C2H 6. The larger value was assumed for CO because of the

additional uncertainty caused by errors in simulating the absorption by solar

CO lines in the windows.

7. Results and Discussion

For Lauder, 0.37-12 km partial vertical columns were calculated by

integrating the retrieved profiles. For Kitt Peak, the 2.09-14 km partial

columns were computed. Daily averages were generated assuming equal weights for

all observations; the number of observations per day ranged from I to 23 for

Lauder CzH 6, and the number of observations per day ranged from I to 25 for

Lauder CO. For Kitt Peak, the corresponding ranges of daily observations were

i to 13 and i to 14.
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The daily average partial columns Ct were fitted with the expression

Ct ffia0 + aI (t to) + a2 cos 2_ [(t - to) - tl]
(3)

where a0 is the mean value, t is the time of the observation in calendar years,

to is the time of the first observation in calendar years, aI is the long-term

trend, a2 is the amplitude of the seasonal cycle (assumed to be sinusoidal), and

tI is the fraction of the calendar year corresponding to the time of the seasonal

maximum.

7.1 Lauder C2H 6 and CO 0.37-12 km Time Series

The top and middle panels of Fig. I0 present the measured Lauder daily

average 0.37-12 km C2H 6 and CO partial columns between July 1993 to November

1997. The total number of measurement days are A07 for CzH 6 and 390 for CO. The

solid curves show the best-fits to the observations based on Eq. 3. This simple

model does a poor job in reproducing the observed highly asymmetrical C2H 6 and

CO seasonal cycles, which show sharp peaks during austral spring and deep minima

in austral autumn. Corresponding, peak column-average 0.37-12 km mixing ratios

(shown on the right vertical axis) exceeded 0.6 ppbv for CzH 6 and i00 ppbv for

CO. The maximum mixing ratios are as high as measurements in upper tropospheric

continental outflow regions between Brazil and Africa during September-October

1992 [Talbot et al, 1996, Tables 2 and 3]. Year-to-year differences are apparent

in the Lauder time series with particularly high 0.37-12 km partial CO and C2H 6

columns observed during October 1994, August 1995, and September-October 1997.

We attribute the sharp peaks to tropical biomass burning emissions lofted

to the upper troposphere by deep convection. In the upper troposphere, where

the present measurements have their highest sensitivity (Fig. 2), maximum wind
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speeds exceeded A0 m s-I in the southern subtropical jet stream (~30°S latitude)

during the September-October 1996 Pacific Exploratory Mission-Tropics (PEM-T)

experiment [Fuelberg et al., 1998]. Although typical PEM-Tupper tropospheric

wind speeds were lower, calculations indicate that the strong, westerly upper

tropospheric winds were sufficient to transport southern hemisphere air parcels

thousands of km on a time scale of about a week during the mission [Fuelberg et

al., 1998]. Once lofted to the upper troposphere, only relatively minor

oxidative losses of COand C2H6 occur due to the rapid horizontal transport of

the emitted plumes.

No statistically significant long-term trend were detected from the Lauder

CzH6 or COmeasurementdatabases. The best-fit trends (aJa 0 of Eq. 3) for C2H6

and COfrom daily meansbetween July 1993 and November1997 are (-0.64±0.79)%

yr -I and (0.37±0.57)% yr -I, i sigma, respectively. Recently, Matsueda et al.

[1998] reported a series of upper tropospheric COmixing ratios measured in situ

during commericial aircraft flights at longitudes of 140°E to 152°E and latitudes

30°N to 30°S (Japan-Australia). A rate of COdecrease of about 5 ppbv yr -I was

derived from a fit to the 5°S to 30°S latitude observations during the 58

sampling flights between July 1994 and June 1996.

Ratios of the CzHJCO0.37-12 km daily averages are presented in the bottom

panel of Figure i0 for the 332 Lauder observation days in common. This plot

illustrates that larger relative seasonal changes are observed for C2H6 than for

COwith the seasonal variation of the C2H5/C00.37-12 km partial columns ratios

roughly in phase with the seasonal variations of both gases. The Lauder peak

CzHJCOcolumns ratio is close to the value of 6.0 × 10-3 measured directly over

(_ i km) active savanna fires in Brazil and Zambia during the same season

(September-October 1992 observations), but our peak value is significantly lower
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than the enhanced, upper tropospheric ratio of 12.1 × I0 -s determined in the

upper troposphere over the south Atlantic basin during the same time period

[Talbot et al., 1996].

Time series of C2H6 and CO surface measurementsof clean marine air at

Baring Head, NewZealand (41.2°S, 174.5°E) have been reported recently [Clarkson

et al., 1997; Manning et al., 1997]. The Baring Head facility is a remote

station located on the edge of an 80-m cliff overlooking Cook Strait at the

southern tip of the North Island [Brenninkmeijer, 1993; Clarkson et al., 1997].

Wenext compare these in sicu measurements with mean 0.37-12 km mixing ratios

derived from our spectroscopic time series.

A sine curve fit to Baring Head C2H s monthly mean measurements collected

during southerly winds (to avoid local land sources of pollution) and from

measurements at Scott Base, Antarctica (77.5°S, 166.4 °E) between 1991 and 1996

yields a peak CzH 6 mixing ratio of about 0.4 ppbv in September and a minimum of

about 0.15 ppbv in March [Clarkson et al., 1997, Fig. 3a], though this curve does

not capture the relatively high measurements (0.4-0.6 ppbv) common in the Baring

Head data between January and May. The January-May peaks are not seen in the

Lauder spectroscopic data. The Baring Head surface C2H s measurements are

generally lower than the Lauder 0.37-12 kmcolumn average mixing ratios, and the

Baring Head measurements do not show the sharp peaks present in the September-

October Lauder spectroscopic observations.

The June 1989 to June 1995 monthly average CO mixing ratios at Baring Head

show median values ranging from 42 ppbv in March to 65 ppbv in October [Manning

et al., 1997, Fig. i]. The authors comment that while interannual variability

was observed, no statistically significant CO trend was detected. As for C2H 6,

the Lauder CO 0.37-12 kmcolumn-averaged mixing ratio show a seasonal cycle with
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maxima and minima at times close to those inferred from the Baring Head in siru

data, but again, our spectroscopic 0.37-12 km daily mean CO mixing ratios show

sharp September-October peaks not present in the monthly-averaged surface

measurements from Baring Head.

Insight into differences between the Lauder and Baring Head measurements

can be obtained from a climatology of CO aircraft measurements obtained over

southeast Australia [Pak et al., 1996]. Although this location is quite far from

New Zealand, there are no major surface sources in either region, and long range

transport can be expected to bring gases originating at a similar set of distant

surface sites to these sites. The aircraft CO measurements show tropospheric

mixing ratios that increase with altitude throughout the year with the range of

the average seasonal cycles increasing with altitude. Increases in CO occur in

July and August prior to the observed mixing ratio peak [Pak et al., 1996]. The

range in the average CO seasonal cycle above Cape Grim is observed to increase

with altitude. The Lauder data do not show the secondary mixing ratio maximum

observed in March and April above Cape Grim in CO, CH 4, and N20 [Pak et al.,

1996].

Tables 2 and 3 list the Lauder monthly average 0.37-12 km CO and CzH e

columns calculated by averaging the 1993 to 1997 daily means. The listings give

the mean characteristics of the temporal variations over this time period, but

they do not capture the sharp peaks during austral spring nor do they show the

distinct year-to-year differences in the partial columns.

To our knowledge, the only correlative measurements were obtained by the

nadir-viewingMAPS gas correlation radiometer instrument [Reichle et al., 1990].

Measurements of CO obtained by the MAPS sensor in April and October 1994 have

been analyzed to derive equivalent CO total columns above sites performing
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correlative observations, including the Lauder station [Pougatchev et al., 1998].

The MAPS measurements, which have an estimated accuracy of about ±10% [Pougatchev

et al., 1998] , correspond to total CO columns above Lauder in April and October

of 1.24 and 1.62 (in I0 _8 molecule cm-2), respectively. The averages of our

retrieved daily mean total CO columns from observations during the April and

October 1994 MAPS missions equal 0.95 and 1.30 (in 1018 molecule cm-2),

respectively. Our values average 0.78 times the corresponding MAPS values

despite the similarity of our total column averaging kernel (Fig. 2) to the MAPS

total column averaging kernel [Pougatchev et al., Fig. 2]. We note that our

April and October 1994 total columns are 0.92 and 0.94 times those deduced from

analysis of Lauder correlative solar spectral measurements of the 12C0 (i-0) band

R(3) line by Pougatchev et al. [1998], respectively. The averaging kernel for

spectroscopic measurements from this strong line (based on multiplicative scaling

of the CO a priori profile) decrease with altitude from a maximum of 1.5 at the

surface to 0.8 at 8 km [Pougatchev et al., 1998, Fig. 2]. The offsets between

the two independently-derived spectroscopic correlative total columns may reflect

inaccuraties in the spectroscopic parameters, errors in modeling the overlapping

solar CO lines (particularly for the weak lines analyzed in this study), and/or

the differences in the vertical sensitivities of the measurements at the moment

of the observations, as demonstrated by their averaging kernels. The cause of

the larger differences between the two sets of spectroscopic total columns and

the total columns inferred from the correlative MAPS measurements may reflect

the strong, irregular spatial and temporial variations of atmospheric CO above

Lauder (e.g. Fig. I0), and the differences in the times and locations of these

measurement sets.
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7.2 Kltt Peak C2He and CO 2.09-14 km time series

Figure ii illustrates the time series of Kitt Peak 2.09-14 km C2H 5 and CO

daily average measurements between May 1977 and December 1997. The total number

of valid measurement days were 95 for C2H 6 and 150 for CO with the number of

measurements per day varying from i to 14 for CO and from I to 13 for CzH 6. The

results, displayed in the same format as Figure I0, show a distinct seasonal

cycle for both molecules with spring maxima and autumn minima. Significant

deviations from the best-fit curves were observed on several days. The trends

(aJa 0 of Eq. 3) determined from fitting the CzH 6 and CO daily mean 2.09-14 km

columns are (-1.20±0.35) and (-0.27±0.17)% yr -I, i sigma, respectively. Mean

Kitt Peak 2.09-14 km C2H 8 and CO mixing ratios are 1.08 and 103 ppbv,

respectively. Corresponding Lauder 0.37-12 km values from the 1993 to 1997

dataset are 0.32 and 57 ppbv. Hence, the mean C2H 6 and CO tropospheric mixing

ratios are higher in the northern hemisphere dataset relative to the southern

hemisphere dataset by factors of 3.4 and 1.8, respectively.

Table 4 and 5 list the monthly mean partial CO and C2H 6 columns for the

2.09-14 km layer. Unfortunately, the total number of measurement days is

significantly fewer than obtained from Lauder. A plot of the Kitt Peak monthly

averages from Table 5 shows the CO seasonal variation is asymmetrical with the

amplitude of the spring maximum larger than amplitude of the autumn minimum.

This conclusion is consistent with the results of Pougatchev and Rinsland

[1995a], who analyzed the Kitt Peak measurements with a different retrieval

method. The C2H 6 measurements show no clear evidence of an asymmetry in the

annual cycle. Note that only a single CzH 6 measurement was obtained during

August.
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A substantial downwardtrend over this time period is indicated for C2H6,

but not for CO. In contrast, Ehhalt et al. [1991] reported C2H6 column

abundancesdeduced from the analysis of infrared solar spectra recorded at the

the International Scientific Station of the Jungfraujoch (ISSJ, 46.55°N, 7.98°E,

3580 m altitude). An exponential tropospheric C2H6 column increase rate of

(0.85±0.3)% yr -I was deduced by comparing 1984-1988 measurements with low

spectral resolution measurementsfrom March and April 1951. More recent (1985

to 1995) measurementsof C2HB total columns above the ISSJ indicate a mean

exponential trend equal to (-3.6±0.4)% yr "I, i sigma, which reduces to a trend

of (-2.7±0.3)% yr -I, i sigma, when fitting the observations with a model that

includes a sine function to account for the seasonal variations [Mahieu et al.,

1997].

Wallace and Livingston [1990] derived COtotal columns above Kitt Peak by

fitting two lines of the (2-0) band in solar spectra recorded between 1979 and

1985. A seasonal cycle with a spring maximumand autumn minimumwas observed

with no obvious long-term trend. No long-term CO trend was assumed in the

analysis of Kitt PeakCOobservations reported by Pougatchevand Rinsland [1995].

Although an average CO total column increase rate of about 1% yr -I has been

reported from infrared solar spectroscopic measurementsabovecentral Europe from

1950-1951 to 1985-1987 [Zander et al., 1989] and above Zvenigorod, Russia, for

1970-1995 [Yurganov et al., 1997], surface measurementsat remote sites in both

hemispheres show a shift from an upward COtrend during the 1980s to a downward

trend in the 1990s [Khalil and Rasmussen,1994]. The mean trend deduced from

the Kitt Peak 1977-1997 CO measurements is consistent with the northern

hemisphere 1987-1992 average linear trend of (-1.4±0.9)% yr -I reported from

surface in situ measurements [Khalil and Rasmussen, 1994, Table i]. More recent
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surface measurementsfrom a global network of surface stations show an average

northern hemisphere CO surface trend of about -0.5 ppbv yr -I between 1994 and

April 1997 (M. A. K. Khalil, private communication, 1998). Fits derived from

April 1993 to March 1996 upper tropospheric COaircraft measurementsobtained

between Japan and Australia show a downward trend of about 2 ppbv yr -I at

northern hemisphere latitudes [Matsuda et al., 1998].

The features observed in the northern hemisphere CO surface and upper

tropospheric measurements, in particular the trend reversal since the late 1980s,

have been noticed in the COtotal columns monitored above the ISSJ between 1984

and 1995, i.e. a meanexponential rate of change of (-0.54±0.25)% yr -I, i sigma;

the negative rate is maintained but reduced to (-0.18±0.16)% yr -I when fitting

the observations with a function combining a sinusoidal and an exponential

component [Mahieu et al., 1997]. It should be noted that the COcolumn minima,

which occur above the ISSJ around mid-September, were record low in 1992 and

1993, i.e., during two years following the Mr. Pinatubo volcanic eruption of June

1991.

7.3 Correlations between CO and GzH 6

The number of Lauder observations is sufficient to examine the correlation

between CO with C2H 8 as a function of season. Table 7 presents correlation

coefficients and slopes derived by fitting the Lauder 1993-1997 CO and C2H s daily

mean 0.37-12 km partial column observations to the expression

[C2H_] = a + b [CO]
(4)

where [] denotes the daily-average value.
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As expected from the bottom panel of Fig. i0, the minimumvalue of b is

measured early in the calendar year. This time period shows the lowest

correlation between the partial columns of the two species. Table 7 also reports

corresponding values derived by fitting all the Kitt Peak 2.09-14k m measurements

with Eq. 4. The correlation coefficient of 0.77 is only slightly less than the

peak seasonal value derived for Lauder while b is several times higher than the

corresponding value for Lauder.

Slopes derived from fits to Eq. 3 with model calculated columns computed

for the locations of Lauder and Kitt Peak (Y. Wang, private communication, 1998)

are also shown. The model slopes are lower than the observed values from both

sites. Model C2H6-CO correlation coefficients (not shown) derived from the model

columns are >0.9, significantly higher than indicated by the observations.

7.4 Comparisons of the observations with model calculations

Figure 12 presents comparisons of the Lauder and Kitt Peak monthly mean

tropospheric measurements with values calculated with a global 3-D tropospheric

model [Wang et al., 1998a]. The standard model calculations, which assumed 2.5

Tg C-I yr -I C2H6 emitted by biomass burning, are significantly lower than the

monthly average Lauder partial columns observed during all seasons. Also, the

September-October peak is broader in the model results than in the observations.

These differences are consistent with comparisons of the reported Lauder December

1992-March 1994 C2H 6 columns [Rinsland et al., 1994a] and the model results, as

displayed in Fig. 15 of Wang et al. [1998b]. The authors comment that the

agreement between the measured and calculated Lauder C2H 6 seasonal cycle is

improved with the biomass burning emission rate increased to 6 Tg C-I yr -I.

However, this emissions rate is also higher than the value of 2.7 Tg C-I yr -I
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derived for the southern hemisphere by Clarkson et al. [1997], and it is outside

their estimated budget uncertainty (1.6-5.2 Tg yr-1). As pointed out by Wang et

al. [1998b], the cause of the CzH 6 model-measurement discrepancy is unclear

because the model calculations reproduce observations of the southern hemisphere

CO seasonal cycle very well (including the present data) and the C2H6/C0 biomass

burning emissions ratio is well determined from field emission measurements.

In contrast, calculations with the model of Wang et al. [1998a] are

significantly higher than the Kitt Peak CO tropospheric column observations

throughout the year, but the model reproduces the C2H _ measurements and their

seasonal variation quite well during all seasons. The cause of the Kitt Peak

CO model-measurement discrepancy is also unclear, but it is quite likely that

the difference is unrelated to the discrepancy noted for Lauder.

8. Summary

In this paper we have reported multi-year time series of high spectral

resolution infrared solar absorption CO and CzH 6 measurements from remote sites

at midlatitudes of the northern and southern hemispheres. Target lines were

selected to achieve similar vertical sensitivities based on averaging kernels.

The Lauder 1993-1997 CO and CzH 6 columns below 12 km (with peak sensitivities in

the upper troposphere) show highly asymmetrical seasonal cycles with a minimum

in about February, a maximum near September-October, and distinct year-to-year

differences in the seasonal variation. Sharp peaks are observed in the partial

columns of both gases near the seasonal maximum. The seasonal variation is

larger for C2H _ than from CO, which is also produced in si_u by the oxidation of

CH 4. The elevated values observed in austral spring likely result from the long

range transport of tropical biomass burning emissions, principally from Africa
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and South America. Near the seasonal maximum, the peak column-average

tropospheric mixing ratios of CzH_ and CO above Lauder are similar to upper

tropospheric values observed in continental outflow regions between Brazil and

Africa during the sameseason. The peak Lauder partial columns are also similar

to the annual mean values observed above Kitt Peak. Although year-to-year

differences are apparent, no significant trend was detected for either molecule

above Lauder. The Kitt Peak 2.09-14 km partial columns also show distinct

seasonal cycles with spring peaks in the mixing ratios of the two gases and

larger relative seasonal variations for C2H6 than CO. An unexpected result of

this study is the observed, statistically significant downwardtrend in the Kitt

Peak C2H s tropospheric column. No significant long- term trend in the

tropospheric CO column was detected over the 20 year span of the Kitt Peak

spectroscopic observations.
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Figure Captions

Figure i. Comparison of "true" and retrieved CO 2.09-14 km column amounts

(molecules cm-2). The "true" profiles are based on synthetic spectra generated

from 82 profiles created from merged aircraft tropospheric and ATMOS

measurements. The retrievals were obtained by fitting the synthetic spectra with

the a priori profile and retrieval algorithm settings described in the text.

Figure 2. Partial column averaging kernels for vertical profile retrievals of

C2H 6 (upper panel) and CO (lower panel) from Lauder observations and the spectral

intervals used in the present study. Kernels for merged layers of 0.37-12, 12-

i00, and 0.37-100 km (total column) are presented.

Figure 3. Examples of Lauder CO partial column averaging kernels for other

selections of spectral lines and retrieval methods. Upper panel: Kernels for

vertical profile retrievals from the strong CO (i-0) R(3) line at 2157.2997 cm -I.

Lower panel: Kernels for the same CO lines as in Fig. 2, but assuming

multiplicative scaling of the a priori mixing ratios by a single factor.

Figure 4. Comparison of measured and calculated Doppler-limited C2H 6 laboratory

spectra recorded in the region of the PQ3 subbranch of the v 7 band with a

difference-frequency laser spectrometer. The spectra were recorded at 296 K with

an absorption path of 69.7 cm (upper panel) and 161 K with an absorption path

of 8 m (lower panel). The measured and calculated absorbances are shown with

solid and dashed lines at top in each panel; calculated absorbances obtained for
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A series, E series, and other lines, offset vertically for clarity, are shown

beneath.

Figure 5. Comparison of a Lauder solar absorption spectrum in the C2H6

measurementinterval and simulations of the principal absorbing molecules. The

molecule-by-molecule simulations are offset vertically for clarity. The Lauder

solar spectrum (bottom) was recorded at an astronomical zenith angle of 62.61°

on October 26, 1994, a spectral resolution of 0.006 cm-I, and a field of view of

2.95 mrad. An arrow marks the location of the unresolved CzH6 PQ3subbranch at

2976.8 cm-I. Note the overlapping absorption by a weak H20 line at 2976.7810

cm -1

Figure 6. Sample fit to a Lauder solar spectrum in the C2H 6 PQ3 microwindow.

The measured spectrum (lower panel), normalized to the peak amplitude in the

interval, was recorded at a resolution of 0.006 cm -I on June 3, 1997. Residuals

(measured minus calculated values) are shown on an expanded vertical scale in

the upper panel.

Figure 7. Molecule-by-molecule simulations of the absorptions by CO, CH 4, H20,

HDO, and solar CO, offset vertically for clarity, and a Lauder solar spectrum

in the 2 intervals used to analyze CO. The Lauder spectrum, normalized to the

peak signal in each interval, was recorded at an astronomical zenith angle of

78.05 ° on October 26, 1994, at a resolution of 0.006 cm -I. The (2-0) band CO

lines are identified beneath the measured spectrum.
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Figure 8. Exampleof spectral fittings for the CO(2-0) band R(3) and R(6) lines

in a Kitt Peak solar spectrum. The observation was recorded on April 9, 1997,

at a spectral resolution of 0.01 cm-I. The measurementsin each interval are

normalized to the peak value in the interval. Measured minus calculated

residuals are plotted on an expanded scale.

Figure 9. Plot of Kitt Peak root mean square (rms) residual versus signal

strength ratio (ssr) for the C2H6 PQ3subbranch at 2976.8 cm -I. Observations with

ssr less than i0 and an rms residual greater than I were excluded from further

analysis.

Figure i0. Time series of Lauder 0.37-12 km daily average partial columns

(molecules cm -2) between July 1993 and November 1997. Plus symbols show the

observations; solid curves represent least-squares best-fits to the observations

with Equation 3. The best-fit, long-term trend with the seasonal variation

removed (a2=0 in Eq. 3) is shown with a dashed line. Results for CzH 6 and CO are

shown in the top and middle panels, respectively, with the corresponding,

approximate 0.37-12 km column average mixing ratios indicated on the right

vertical axis. Daily average 0.37-12 km C2H6/CO columns ratios are plotted in

the bottom panel.

Figure II. Time series of Kitt Peak 2.09-14 km daily average partial columns

(molecules cm -2) between May 1977 and December 1997 and the daily average 2.09-

14 km C2Hs/CO columns ratios displayed in the same format as in Fig. I0.
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Figure 12. Comparisonof monthly average tropospheric partial columns of C2H e

and CO above Lauder and Kitt Peak (solid lines with open circles and error bars

showing standard deviations) and calculations (dotted lines and open triangles)

with the 3-dimensional tropospheric model of Wang et al. [1998a].



Table i. Estimated COand C2H5 Partial Column Measurement Uncertainties*
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Error Source CO Error,% C2H 6 Error,%

Temperature

Random Errors

i

Instrumental noise%
Lauder 2 3

Kitt Peak 3 7

Interfering atmospheric lines
Lauder

Kitt Peak

<I 7

<I 2

RSS total random error

Lauder 4 8

Kitt Peak 3 7

Systematic Errors

Spectroscopic 2 5

Parameters

A priori i i

profile

Forward model 4 2

approximations$

Instrumental line <I <i

shape function#

RSS total systematic 5 5

-0.37-12 km layer for Lauder; 2.09-14 km layer for Kitt Peak.

#Calculated with a maximum optical path difference of 150 cm for Lauder and 49

cm for Kitt Peak.

$1ncludes the estimated uncertainty in the retrieval due to error in computing

the absorption by overlapping solar CO lines.
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Table 2. Meanand Standard Deviation (S.D.) of 1993-1997 COColumns*, 0.37-12
km, Measuredabove the Lauder NDSCStation

Month Mean S.D. Numberof Days

January

February

March

April

May

June

July

August

September

October

November

December

0.86

0 85

0 79

0 82

0.85

0.86

0.91

1.02

1 2O

1.25

1.03

0.84

0.Ii 24

0.13 29

0.ii 37

0.09 38

0.09 43

0.06 25

0.08 32

0.15 56

0.14 23

0.18 41

0.17 34

0.06 8

* In 1018 molecules cm-2.
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Table 3. Mean and Standard Deviation (S.D.) of 1993-1997 C2H 6 Columns*, 0.37-

12 km, Measured above the Lauder NDSC Station

Month Mean S.D. Number of Days

January 3.78 0.68 19

February 4.12 0.79 21

March 3.70 0.71 33

April 4.12 0.69 36

May 4.51 0.64 43

June 5.05 0.58 37

July 5.59 0.76 41

August 6.30 1.26 63

September 7.64 1.35 30

October 7.49 1.37 45

November 5.56 1.23 29

December 4.19 0.59 13

* In 1015 molecules cm -2.



Table 4. Meanand Standard Deviation

km, Measured above Kitt Peak

(S.D.) of 1977-1997 COColumns*,
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2.09-14

Month Mean S.D. Numberof Days

January 1.44 0.I0 18

February 1.44 0.08 9

March 1.85 0.35 8

April 1.71 0.14 9

May 1.50 0.15 25

June 1.31 0.12 16

July 1.18 0.08 9

August 1.07 0.21 7

September 1.07 0.08 17

October 1.32 0.17 i0

November 1.28 0.05 7

December 1.32 0.II 15

* In 1018molecules cm-2.
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Table 5. Meanand Standard Deviation (S.D.) of 1977-1997 C2H 6 Columns*, 2.09-

14 km, Measured above Kitt Peak

Month Mean S.D. Number of Days

January 14.26 1.51 13

February 16.22 1.71 8

March 14.61 7.19 4

April 15.44 1.28 3

May 14.42 2.52 18

June 10.25 2.10 7

July 9.84 3.63 7

August 6.43 0.00 i

September 7.23 2.49 7

October 9.94 2.19 7

November 13.69 3.44 5

December 13.19 1.45 15

* In 1015 molecules cm -2.
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Table 7. Correlation Coefficients and C2H6/C0Slopes derived from fits to daily

average Lauder and Kitt Peakpartial column measurementsand corresponding values

obtained with the Harvard model*

Station Months IRI b (I0 -3)

Measured Measured Model

Lauder Feb.-Mar.-Apr. 0.400 3.38 3.18

Lauder May-Jun.-Jul. 0.594 5.52 3.31

Lauder Aug.-Sep.-Oct. 0.827 6.39 4.44

Lauder Nov.-Dec.-Jan. 0.822 6.96 5.04

Kitt Peak All 0.766 14.2 13.2

*0.37-12 km column for Lauder, 1993-1997. 2.09-14kmcolumn for Kitt Peak, 1977-

1997.
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Figure 3
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Measurements of the downward longwave radiation spectrum

over the Antarctic Plateau and comparisons with a line-by-line

radiative transfer model for clear skies
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Abstract. A l-year field program was conducted at South Pole Station in 1992 to measure the

downward infrared radiance spectrum at a resolution of 1 cm "1 over the spectral range 550-1667

cm "l . The atmosphere over the Antarcuc PlarooUcSt_h: ' 300
twinter,surface temperatures average aoour -or ,

p.m ofprecipitable water, and the clear-sky downward longwave flux is usually less than 80 W m "2.

Three clear-sky test cases are selected, one each for summer, winter, and spring, for which high-

quality radiance data are available as well as ancillary data to construct model atmospheres from

radiosondes, ozonesondes, and other measurements..The model atmospheres are used in

conjunction with the line-by-line radiative transfer model (LBLRTM) to compare model

• " with the s ectral radiance measurements. The high-resolution calculations ofcalculatmns P . -I • •
LBLRTM (=0.001 cm "I) are matched to the lower-resolutmn measurements (1 cm ) by adjusting

their spectral resolution and by applying a correction for the finite field of view of the
intefferometer. In summer the Uncertainties in temperature and water vapor profiles dominate the

radiance error in the LBLRTM calculations. In winter the uncertainty in viewing zenith angle

becomes important as well as the choice of atmospheric levels in the strong near-surface

temperature inversion. The spectral radiance calculated for each of the three test cases generally

agrees with that measured, to within twice the total estimated radiance error, thus validating

, " evel of accuracy for Antarctic conditions. However, the discrepancy exceedsBLRTM to th_s I .... -1
Lt_Eice the estimated error in the gaps between spectral hnes m the regmn 1250-1500 cm , where

emission is dominated by the foreign-broadened water vapor continuum.

1. Introduction

The Antarctic Plateau covers large areas of East Antarctica

(above 2000 m) and West Antarctica (above 1500 m). In its long-

wave radiation budget this region differs from the katabatic wind

region [Yamanouchi and Kawaguchi, 1984, 1985] and the mari-

time Antarctic [Lubin, 1994]. For most of the year a near-surface

temperature inversion is present over the plateau, whose strength

increases with surface elevation as the atmosphere becomes thin-

ner and less absorptive to infrared radiation. Large radiation

losses to space occur throughout most of the year, with frontal

activity and the associated cloudiness temporarily reducing the

loss at the surface [e.g., Stone et al., 1989; Stone andKahl, 1991].

Continuous records of meteorological data from the East Ant-

arctic Plateau exist for three stations: 40 years at South Pole

(90%), 40 years at Vostok (78"S, 107*E), and 3 years at Plateau

(790S, 40°E). Since there is little regional variation in climate

Copyright 1998 by the American Geophysical Union.

Paper number 97JD02433.
0145.0227/9g/97JD-02433509.00

across the plateau, data from one location can represent a large

geographical area. Thus, in the absence of data at other locations,

atmospheric conditions at South Pole Station may serve to repre-

sent the conditions over most of East Antarctica. Recent attempts

to model the climate of the Antarctic have met with some success

in comparing model output with existing observational data sets

[T:eng et al., 1993, 1994; Genthon, 1994]. For the purpose of this

paper the most important characteristic of the atmosphere over the
Antarctic interior is that it is the coldest and driest on Earth and

thus represents an endpoint of terrestrial climate.

In the 1980s a project on Intercomparison of Radiation Codes

used in Climate Models (ICRCCM) was established to compare

radiative transfer models, ranging from detailed line-by-line codes

to highly parameterized band models [Luther et al., 1988; Elling-

son and Fouquart, 1991]. The results of clear-sky calculations for

shortwave models were summarized by Fouquart et al. [1991] and

those for Iongwave models by Ellingson et al. [1991]. The atmo-

spheres used in those comparisons were the five reference atmo-

spheres of the Air Force Geophysics Laboratory (AFGL)

[McClatchey et al., 1972] as well as isothermal atmospheres con-

taining only CO 2 or H20 as gaseous absorbers. One of the main

3825
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conclusions of the Iongwave study was that line-by-line radiative

transfer models, although they agree well with each other, do not

represent an absolute standard by which to judge less detailed

models. Their output must therefore be compared with data from

the real atmosphere. Spectral rather than broadband, and radiance

rather than flux measurements, would be most useful because the

causes of discrepancies between model and observation can be

more easily identified if angular and spectral averaging has not

been done. Specifically, the study concluded that spectral radi-

ance data of moderate resolution (about ! cm "1) would be particu-

larly valuable for comparison with a variety of radiation codes at

various spectral resolutions.

To resolve the differences among the most detailed radiation

models, the ICRCCM participants recommended that accurate

spectral radiance measurements be made coincidentally with the

atmospheric variables necessary to calculate radiance [Ellingson

et al., 1991]. Currently, data sets of this type exist for the follow-

ing locations: (1) Coffeyville, Kansas, where the Spectral Radi-

ance Experiment (SPECTRE) was performed [Ellingson and

Wiscombe, 1996], (2) the Southern Great Plains site of the Atmo-

spheric Radiation Measurement (ARM) program [Stokes and

Schwartz, 1994; Ellingson et al., 1995], (3) the California coast

[Clough et al., 1989a], and (4) the tropical Pacific Ocean [Lubin et

al., 1995]. ARM is now establishing a site on the North Slope of

Alaska.

The Antarctic Plateau is an ideal location for acquiring spectral

radiance data for testing radiative transfer models. Since the

atmosphere is so cold and dry (_<1 mm of precipitable water), the

overlap of the emission spectrum of water vapor with that of other

gases is greatly reduced. Therefore the spectral signatures of other

important infrared emitters, namely, CO2, O 3, CH4, and N20, are

quite distinct. In addition, the low atmospheric temperatures pro-

vide an extreme test case for testing models. Even in summer the

atmosphere is colder and drier than the sub-Arctic winter, the

coldest of the five AFGL model atmospheres. The radiation con-
ditions at the surface of the Antarctic Plateau in winter are similar

to those at the tropopause at lower latitudes. Routine operations at

South Pole Station provide good ancillary data for characterizing

the atmosphere throughout the year. The South Pole Weather

Office (SPWO) launches radiosondes once or twice per day and

makes surface weather observations at least every 6 hours. The

Climate Monitoring and Diagnostics Laboratory (CMDL) of the

National Oceanic and Atmospheric Administration (NOAA) pro-

vides continuous near-surface concentrations of several radia-

tively active trace gases, as well as ozonesonde profiles once or

twice per week.

Many previous Antarctic field programs have reported mea-

surements of broadband radiation fluxes [Hanson, 1960; Hanson

and Rubin, 1962; Rusin, 1964; Kopanev, 1967; Kuhn et al., 1977;

Yamanouchi et al., 1982; Carroll, 1982; Yamanouchi and

Kawaguchi, 1984]. Such broadband measurements, however, are

not useful for identifying defects in radiative transfer models.

Here our focus is instead on how the radiance varies across the

infrared spectrum. In this paper we describe a data set taken at

South Pole Station throughout the year of 1992, consisting of

spectral infrared radiances together with observations from radio=

sondes and other instruments to characterize the atmosphere. Par-

ticular attention is given to the calibration and uncertainty

associated with the radiation measurements. The calibration pro-

cedure described here i_ an improvement over that of Van Allen et

al. [1996], which used the same instrument at South Pole Station.

Their experiment was designed to study stratospheric chemistry,

which did not require the level of accuracy needed here for

SPECTRE-D'pe comparisons.
The uncertainties associated with characterizing the atmo-

sphere are also estimated, particularly with regard to temperature

and humidity variations in the near-surface layer. Three test cases

are constructed, using the highest-quality measurements from the

data set, representing the meteorological and infrared radiation

conditions in summer, winter, and spring under clear sky. These

test cases are used to compare the spectral infrared radiances with

calculations of the line-by-line radiative transfer model

(LBLRTM) [Clough et al., 1992]. A brief description of

LBLRTM is given below as it is applied to this work, including

how the model calculations were adjusted for instrumental effects,

so that the model results can be compared directly with the obser-

vations. The radiance error in the LBLRTM calculations induced

by uncertainties in the ancillary data is estimated; the major
sources of error are identified for summer and winter conditions.

The comparisons for our six test cases (two viewing angles on

each of 3 days) are shown, and portions of the spectrum are exam-

ined in detail.

2. Field Program

Spectral radiance was measured by a Fourier transform inter-

ferometer (FTIR), manufactured by Bomem, Inc., and modified at

the University of Denver (UD) for outdoor operation at South

Pole. It had been successfully operated through a previous winter

at South Pole for the purpose of determining concentrations of

atmospheric gases important to ozone chemistry [Murcray and

Heuberger, 1990, 1991, 1992]. The radiance spectrum was mea-

sured at viewing zenith angles of 45* and 75*, and also often at

60 °, every 12 hours throughout the year except during blizzard

conditions.

The state of the atmosphere is characterized by using various

sources of data. Visual sky observations were made by Warren

during each FTIR measurement, as well as routinely every 6 hours

by the SPWO observers. Vertical profiles of temperature, water

vapor, and ozone are constructed by using a combination of radio-

sonde data from SPWO and CMDL, plus satellite data from the

Upper Atmosphere Research Satellite (UARS) [Reber et al.,

1993]. Tropospheric concentrations of carbon dioxide, methane,

nitrous oxide, and chlorofluorocarbons were obtained from in situ

measurements made at the surface by CMDL, and stratospheric

concentrations were obtained from UARS.

3. Selection of Test Cases

Three days were selected for comparison of spectral radiance

measurements to radiative transfer models: January 17, 1992, May

1, 1992, and October 5, 1992. For each day the calibrated radi-

ances at viewing zenith angles of 45" and 75* are determined. The

three primary criteria for selection were clear skies with minimal

visually observed atmospheric ice crystals, well-calibrated spec-

tral radiance measurements, and time of year. The summer and

winter cases were chosen to span the full range of atmospheric

conditions over South Pole; the springtime case represents an

atmosphere with a depleted ozone profile. Secondary selection cri-

teria include availability of high-quality radiosonde and ozone-
sonde information and minimal time between the radiosonde

launch and the spectral radiance measurements (Table 1). The

seasons at South Pole are defined by the annual cycle of surface

temperature [Schwerdtfeger, 1970; Warren, 1996]: summer
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TableI. Characteristicsof the Intefferometric Measurements and Model Atmospheres

for the Three Selected Test Cases

Date Jan 17, 1992 May I, 1992 5 Oct 1992

Representativeseason summer winter spring

Start time of FTIR measurement, UT 2215 2230 1021

Time of radiosonde launch, UT 2214 2131 0941

Total downward Iongwave flux. W m":z 121 76 78

Surface air temperature, *C -32 -66 -62

Inversion strength, K 5 29 25

Total column water vapor, 1.0 0.3 0.3

mm of precipitable water

Carbon dioxide mixing ratio, ppmv 353 353 355

Total column ozone, DU 287 247 147

Methane mixing ratio at the surface, ppbv 1654 1661 1679

Nitrous oxide mixing ratio at the surface, ppbv 308.9 308.6 309A

CFC-I I mixing ratio at the surface, pptv 265 265 267

CFC-12 mixing ratio at the surface, pptv 491 494 498

DU, Dobson Unit; 1 DU= 0.001 atm cm.

(December-January), autumn (February-March), winter (April-

September), and spring (October-November).

On the three days chosen, no visual clouds were observed in

any portion of the sky by either the SPWO or Warren. The May I

case was chosen partly because the amount of clear-sky ice crystal

precipitation ("diamond dust") was slight and partly because polar

stratospheric clouds (PSCs) normally are not present until later in

the winter [Poole and Pitts, 1994]. Polar stratospheric clouds are

hard to detect visually from the surface during nighttime, but the

assumption that they were absent on May ! is supported by the

lidar data discussed by Cacciani et al. [1993].

The primary factor controlling the availability of good sonde

data is the type of balloon used. During the winter, plastic bal-

loons were used alternately with standard rubber balloons; plastic

balloons typically reach higher altitudes (about 30 km) before

bursting but are more expensive. Test cases were chosen for days

on which the balloon reached high altitude.

4. Spectral Radiance Measurements

4.1 Data

A Michelson-b'pe interferometer was used: Bomem model

MB-100 with electronics upgraded to an MB-120. Data acquisi-

tion from the instrument is controlled by an IBM-PC compatible

computer using software developed by Bomem and UD. Modifi-

cations made at UD for operation in Antarctica include the follow-

ing. A mercury-cadmium-telluride (MCT) semiconductor

detector, cooled by liquid nitrogen, was installed for high sensitiv-

ity at thermal infrared wavelengths. The liquid nitrogen was sup-

plied by a Joule-Thompson expansion cooler using nitrogen gas

from high-pressure storage bottles. An external mirror assembly

was attached to the interferometer, enabling it to view two exter-

nal calibration sources and the sky at three zenith angles.

The interferometer is a two-input, two-output instrument. The

detector, placed at one of the output ports, records the superposi-

tion of infrared radiation from the two input ports, one of which is

an internal reference source; the other is the scene. The output

varies as a function of the optical path difference of the scanning

mirror; its DC offset is suppressed by the interferometer's elec-

tronics by coupling to the variable portion of the signal [Beer,

1992, equation (I.14b)]. The total optical path difference is

16,384 (633 nm) == 1.04 cm; the wavelength of the interferome-

ter's laser is 633 nm. Typically, the mirror scans about 50 to 100

times successively, with the output from all scans being averaged

by a process called co-adding. (This number of co-added scans

was necessary to ensure an adequate signal-to-noise ratio for UD's

research [Van Allen et aL, 1996].) The final co-added record is

called an interferogram. The Bomem software apodizes the inter-

ferogram using the Hann-window function [Press et al., 1992],

and performs a Fourier transform, producing an uncalibrated spec-
trum for that individual measurement. The spectral resolution of

the transformed data is 1 cm "1 (full width at half maximum). The

spectral bandwidth of the instrument is limited by the response of

the MCT detector and the bandpass of the beamsplitter to the

range 550-1667 cm "1, or 6-18 pm. At these limiting wavenumbers

the response is about 10% of the peak response at 900 cm "l.

During a typical spectral radiance measurement the intefferom-

eter views four or five different scenes successively. A "measure-

ment sequence" consisis of viewing zenith angles of 45* and 75*

(and often 60°), bracketed by views of calibration sources: one at

ambient air temperature and another at about 45 K above ambient.

A typical measurement sequence takes 20-30 rain. The calibration

sources are grooved copper plates painted with Aeroglaz¢ Z306, a

polyurethane coating. Each source has two thermistors imbedded

in the back of the copper disk, sensing its temperature. The cold

source has one thermistor at the center of the disk and the other on

the periphery. The warm source has a resistive heater attached to

the center of its back surface, to elevate its temperature above

ambient. One of its thermistors is therefore slightly off center,

while the other is on the periphery.

Measurement sequences were performed approximately every

12 hours throughout the year at South Pole and during most rou-

tine radiosonde launches made by the SPWO. Measurement

t
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sequences were taken more frequently when the sky was clear,

and special observations were made during some ozonesonde and

water vapor sonde launches. "Housekeeping" information was

recorded routinely during each sequence, consisting primarily of

temperature measurements of various parts of the interferometer.

These measurements were used to select test cases with good ther-

mal stability, in which the instrument temperature drifted by less

than 0. l K during the measurement sequence [Walden, 1995].

The interferometer was mounted atop the Skylab building at an

elevation of approximately I0 m above the upwind snow surface.

The instrument was housed in about 10 cm of styrofoam insula-

tion, while the external mirror assembly was exposed to the ambi-

ent temperature. Thus the internal temperature of the

interferometer varied only slowly as the ambient temperature

changed.

4.2 Calibration

The method of Revercomb et al. [1988] is used to calibrate

measurements of the sky. An uncalibrated spectrum, C', can be

written as a linear function of the measured radiance, L, as

C' = r[L+ L°ei#O]e i+, (1)

where r is the instrument response function of the interferometer,

L ° represents the spectral offset radiance from the instrument

itself, d_ is the phase response of the instrument due to optical and

electrical dispersion, and _o is any anomalous phase incorporated

into the offset radiance [Revercomb et aL, 1988]. All the variables

are functions of frequency. Subscripts w, c, and s are applied to C'

and L, referring to warm, cold, and sky (or scene). The uncali-

brated spectra for the warm and cold calibration sources, C w' and

Cc', are used to calibrate the measurements of the sky, Cs', by tak-

ing the real pan of the ratio of difference spectra and solving for

the scene radiance, L s, giving

where

Ls = y[L w-Lc]+L c, (2)

FCs'-Cc'q

Lw and L¢ are the radiances emitted and reflected from the calibra-
tion sources:

Lj = cjB!Tj) +(1-ej)B(Tambicnt), (4)

where j is either w or c. B(T) represents the Planck radiance at a

particular frequency for a given temperature T, Tj is the tempera-

ture of the emitting surface of the source, cj is the spectral emissiv-
ity of the source, and Tambien t is the temperature of the ambient

outside air.

There are implicit assumptions in equation (1). First, the out-

put from the interferometer's detector is assumed to be linearly

related to the input radiance into the interferometer. The possibil-

ity of nonlinearities in the detector is not considered in this study,

since any resulting bias is probably small compared with the over-

all radiance uncertainty discussed below.

In addition, the assumption of thermal stability means that the

offset radiance L°e i+° is constant within a measurement sequence,

so that it can be eliminated by the taking the difference of mea-

surements C, which results in the numerator and denominator of

equation (3). The maximum acceptable level of thermal drift of

the interferometer during measurement sequences to be used for

test cases was chosen such that any radiance errors resulting from

thermal drift are negligible compared with those from other error

sources. However, a procedure for adjusting measurement

sequences with lar3e thermal drift has been developed by Walden

[1995].

The radiances from the calibration sources, Lv, and Lc, must be

known accurately, independent of the measurements, for proper

calibration of atmospheric radiances. Thus the accuracy of the

final calibrated radiances depends on accurate specification of the

source temperature and emissivity. The uncenainties in these

temperatures and emissivities must also be assessed to estimate

the uncertainty in calibrated radiances. The source temperatures

and emissivities described below differ from those used by Van

Allen et al. [1996].

4.2.1 Temperature of the calibration sources. The tempera-

ture of each calibration source is measured by two thermistors that

were calibrated to a temperature reference of the National Institute

of Standards and Technology (NIST) by the manufacturer (Yellow

Springs Instruments, Inc., Yellow Springs, Ohio). The electronics

used to measure the source temperatures were checked by substi-

tuting four different high-precision resistors in place of each ther-

mistor. The resistors were chosen to represent a range of

temperatures far exceeding the range experienced at South Pole.

The voltage recorded by the electronics was convened back to a

resistance value, which was then compared with the value of the

precision resistors. Analysis of this cross-check procedure indi-
cated that a small additional resistance needed to be added to the

inferred resistances to reconcile them with the actual values. In

the conversion of resistance to temperature this correction was sig-

nificant when the resistance being measured was small (less than

1000 ohms). The additional resistance ranged from 9 to 75 ohms

and varied from channel to channel within the data acquisition

system. Using the thermistor manufacturer's conversion from

resistance to temperature, we derived temperature corrections for

each thermistor. Figure I shows the corrections for the four ther-

mistors on the calibration sources over the range of temperature

values experienced by these sources at South Pole in 1992. The

corrections are significant at high temperatures, or low thermistor

resistance. The corrections are 0.6 K and 1.3 K for the cold source

thermistors at their maximum ),early temperature of-10°C, and
0.3 K and 1.3 K for the warm source thermistors at +35°C.

Figure 2a shows the difference in temperature reported by the

two thermistors on the cold calibration source. Since the cold

source is at ambient outside temperature, the two thermistors

should agree. True temperature differences between the ther-

mistors would be due to random variation of environmental condi-

tions such as wind speed and direction, causing only random

scatter in the data. Figure 2a shows instead a consistent pattern of

deviation with small scatter; the deviation exceeds the manufac-

turer's tolerance limit at high temperatures. Figure 2b shows that

• after correcting for the thermistor electronics bias the cold source

temperatures agree well for the entire temperature range through-

out the year, thus validating the correction procedure. The true

cold source temperature, T c, is then estimated by averaging T4'

and T10', where the prime indicates that the correction for the elec-

tronics bias has been applied:

T 4'==T 4+ Ae4, (5}

where A_ is the temperature correction for the thermistor elec-

tronics bias of channel 4. A similar expression exists for TI0'.

A similar analysis of the warm source is not possible since tem-

perature gradients do exist within the heated plate, but the success
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Figure I. Thermistor electronics temperature bias (Ae) for the
individual thermistors in the infrared calibration sources. The

bias is shown for the range of temperatures experienced at South

Pole during 1992. The thermistors are designated by their house-

keeping channel number: channels 4 and I0 for the cold source
thermistors and channels 5 and 11 for the warm source ther-

mistors. Channels 4, 10, and II are 300-ohm thermistors (YSI

44002); channel 5 is a 3000-ohm thermistor (YSI 44005). All
thermistors were manufactured by Yellow Springs Instruments,

Inc., Yellow Springs, Ohio.

of the electronics bias correction procedure for the cold source

argues for its validity in general. We therefore apply the electron-

ics bias correction to the warm source thermistors, Ts and T I 1.

However, for the warm source there is an additional correction

that must be applied due to thermal gradients within this source.

Figure 3a shows that there is a significant temperature difference
between the two thermistors on the warm source, which increases

as the source temperature (e.g., T5') rises above ambient (To).

This behavior is expected because all thermal gradients in the

source should be proportional to the difference between its tem-

perature and ambient. Since the two thermistors are at different

temperatures, it was necessary to decide which sensor has better

accuracy. T( was chosen for two main reasons [Walden. 1995]: it

has better sensitivity over most of the range of temperatures expe-

rienced during 1992. and the thermistor electronics temperature
bias is much smaller for channel 5 than for channel 1 I (Figure I ).

In addilion to the radial temperature gradient between the ther-

mistors shown in Figure 3a, there is evidence of a temperature dif-

ference between T5' and the temperature of the emitting surface of

the warm source as viewed by the interferometer. Three indepen-

dent analyses described by Walden [1995, Appendix A] indicate

that the portion of the source viewed by the interferometer is aclu-

all',' warmer than Ts'. This higher temperature is due to the loca-

tion of the warm source's resistive heater in relation to its

thermistors mentioned above, assuming that the interferometer

views the center of the copper plate. The results from these analy-

ses are reproduced in Figure 3b. The temperature difference

increases as the warm source becomes increasingly warmer than

ambient.

A functional form for the thermal gradient temperature bias.

AC, was determined by performing a linear regression fit to the
data shown in Figure 3b. The fit was forced through the origin,

since no thermal gradients exist within the calibration source when

it is at ambient temperature. Our final estimate for the tempera-

ture of the viewed portion of the warm calibration source, Tw , is

then obtained by applying corrections for both the thermistor elec-

tronics (AeS) and thermal gradient biases, or

Tw-Ts'+A s = T s+AeS+A s . (6}

The larger of these two corrections is Ag. For the range of warm

source temperatures experienced during the year-long field exper-

iment, AS was in the range I-4 K, whereas Ae5 was at most 0.3 K.
4.2.2 Emissivity of the calibrationsources. The spectral

emissivity of the UD calibration sources was not directly mea-

sured but was inferred from the measured emissivity of a similar

source built by Quantic Industries, Inc. (San Carlos, California)

while Walden worked there. Both the UD and Quantic sources are

grooved copper plates, coated with the same black paint, Aero-

glaze 7_.306. The emissivity of nongrooved plates (constructed

independently by Quantic and H. E. Revercomb's group at the

University of Wisconsin, but both painted with Aeroglaze) com-

pare well, indicating that perhaps the emissivity in the spectral

range 750-1300 cm "1 (the central portion of the interferometer's

bandwidth) is not highly sensitive to the paint thickness [Walden,

1995, Appendix A]. The emissivity of the Quantic grooved source

in this spectral region was the value used in deriving the thermal

gradient bias described above.
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thermistor electronics temperature bias. T 4 and TI0 are the uncor-

rected temperatures from two thermistors recorded in the house-

keeping Channels 4 and 10. T4' and T10' are the c6rresponding
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facturer's interchangeability tolerance, defined as the maximum

difference that can occur when tw.o or more thermistors are used to

make the same measurement.
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Figure 3. Temperature gradients within the warm calibration

source. (a) Temperature difference between the two warm source

thermistors plotted against the temperature difference between the

warm and cold source temperatures. Since the cold source is at

the outside air temperature (To), the abscissa represents the degree
to which the warm source is above ambient. T 5' and T 11' are the

temperatures from housekeeping channels 5 and 11, corrected for
the thermistor electronics bias. (b) Thermal gradient temperature

bias, Ag, i.e., the difference in temperature between the emitting
surface of the warm source (Tes) viewed by the interferometer and

TS'. The ol_en circles were derived from the supplemental calibra-

tions using a third calibration source, the solid square is from the
laboratory test performed by the University of Denver, and the

open triangles are from the analysis using the secant method

[Walden, 1995]. The solid line is a linear regression fit of the data

forced through the origin [Ag: 0.062(T 5' - T¢) ]. The dashed lines
indicate the uncertainty in the best fit slope, which is +_.25%.

At the shortwave and longwave ends of the interferometer's

bandwidth (550-750 cm "l and 1300-1667 cm "1) the Quantic

source is not a good proxy for the UD sources because the emis-

sivity may be sensitive to the paint thickness; the emissivities of

the nongrooved plates in these spectral regions are quite different.

In these spectral regions the emissivity of the UD sources is deter-

mined in the following way, using monthly supplemental calibra-

tion data taken with a third infrared source, a conical cavity

constructed by the University of Wisconsin (hereinafter referred to

as the WI source). (The three thermistors used in the W! source

had been calibrated to a NIST temperature reference.) The instru-

ment response function given by Revercomb eta/. [1988] is deter-

mined as

IC?- c/l (7)
r = _.

where i and j can represent either the UD sources (w and c) or a

series of measurements made with the wi source at different tem-

peratures. Under the assumption that the ambient and instrument

temperatures remain constant during the measurement sequence

using each experimental setup, equation (4) can be substituted into

equation (7) to obtain

IC;-C;l (8)
13Ere = B(Ti )_B(Tj)

The quantity 13 can be determined by using either the two UD

sources (13UD) or the WI source (13Wl). The ratio, I_UD/13Wl, yields

the ratio of the spectral emissivities of the sources, cta_-Wl • Here

twi is assumed to be 0.9956 independent of wavenumber, as mea-

sured at the University of Wisconsin (R. O. Knuteson, personal

communication, 1994), and thus EUD is determined.

Figure 4 shows the spectral emissivity of the Quantic source

and the calibration sources used in this study. The emissivity of

the calibration sources is generally between 0.97 and 0.99 but has

significant features at 600, 1600, and 1650 cm'L Accounting for

these spectral features improves the agreement between the cali-

brated radiances and radiative transfer calculations described

below.

4.3 Calibrated Spectra

Figure 5 shows the calibrated spectra for the six comparison

test cases. The contributions of several greenhouse gases are dis-

tinctly visible as a result of the small amount of atmospheric water

vapor. The 667-cm "1 band of carbon dioxide is bounded by the

atmospheric window region at 800-1200 cm "t and by the rota-

tional band of water vapor at wavenumbers v < 600 cm "1. The

100 )... ,....I...,... L.. :...'.-.'... !.. :.- .L.

"It I .... VCIconical source
0.90 -11 ! -.-O--Groov_l surface from Quantic Industries

_t - - -Emissivity of DU sources, as.deri.ved

0.85_

600 800 1000 1200 1400 1600

Wavenumber (era "t)

Figure 4. Spectral emissivities of the calibration sources.
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Figure 5. Calibrated radiances for the six test cases. The viewing zenith angles are 45° and 75 ° for the 3 selected
days.
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effect of the strong near-surface temperature inversion in winter

(May) and spring (October) is most prominent in the center of the
carbon dioxide band. Between 800 and 1200 cm "l, emission from

the water vapor continuum is very small. The 1042-cm "1 ozone

band stands out in the middle of the window region. Methane and

nitrous oxide have emission bands around 1275 cm "l, and the

1600-cm "I (6.3 tam) band of water vapor is visible at v>1350 cm'k

The total downward infrared fluxes, as measured by a pyrge-

ometer near the times of the spectral radiance measurements, are

given in Table 1.

4.4 Radiance Uncertainties

Variables entering the calibration equations ((2), (3), and (4))

must be assessed for how their uncertainties propagate to uncer-

minD' in the calibrated radiances. The interferometric measure-

ments (Cw', Cs', Ce') are subject to inherent instrument noise

associated with the detector and its electronics, which when con-

vened to radiance units is called the noise equivalent spectral radi-

ance (NESR). Radiance errors from the calibration sources (Lw

and L c) are due to uncertainties in the temperatures (crT) and emis-

sivities (ere) of the emitting surfaces. The total estimated radiance

error crk is given .as

2
o L = a2LT+ cr2t¢ +NESR 2, (9)

where we use CrLT and CrLc for the radiance uncertainties due to

temperature and emissivity uncertainties. All the quantities have

units of radiance. There is additional error associated with the

thermal stability of the interferometer, but on the 3 days used in

this study this error is negligible compared with those listed in

equation (9).

To determine CrLT,we first estimate the temperature uncertain-

ties in the warm and cold calibration sources, crTw and crTc The

sky radiance is computed from a calibration using the standard

temperatures, T w and T e, and from another calibration using

Tw- CrTw and Te + crTe" The difference between these two radi-
ances is taken as an estimate of the maximum radiance error due to

temperature, since if both crTw and CrTcwere added or subtracted

from their respective temperatures, the radiance error would be

less than that for the case described.

The dominant contributor to craw is the uncertainty in the ther-

mal gradient temperature bias, Ag, for the warm calibration source.

The uncertainty in Ag is proportional to the uncertainty in the

slope shown in Figure 3b and also depends on the temperature dif-

ference AT between the warm and cold sources, i.e., between the

warm source and ambient air. The farther the warm source is

above ambient, the larger Ag and its uncertainty; crTw increases
from 0.4°C at AT = 25 K to 0.80C at t_T = 55 K.

The uncertainty in the cold source temperature, crT¢, depends

on both the uncertainty given by the manufacturer for individual

thermistors and the uncertainD" in the thermistor electronics bias

correction. The manufacturer's uncertainty dominates at low tem-

peratures (< -50°C); the uncertainty (lcr) for these thermistors

(YSI 44002) increases from about 0.1*C at 0*C to 0.20C at -80°C.

At high temperatures (> -30*C), the uncertainty in the thermistor

electronics bias dominates.

The radiance error due to temperature uncertainties, crLT, is

shown in Figure 6a for the worst (January 17 at 45*) and best

(May I at 75*) error conditions of the six spectra shown in Figure

5. It is largest in the spectral regions where the absolute radiance

is small, i.e., where the atmosphere is relatively transparent. This

is because errors in the derived sky radiance induced by the errors

in the calibration sources are greater when extrapolated to lower

C
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Figure 6. Estimated radiance errors for two of the calibrated spec-
tra shown in Figure 5. The various panels represent contributions

to the radiance error listed in equation (9). Here crNESR is identi-

cal for January 17 and May 1.

radiance values. This situation is especially true in summer when

the calibration source temperatures are relatively higher than they

are in winter when compared with the brightness temperature of

the sky.

The radiance error due to the uncertainty in the calibration

source emissivities is determined by taking the difference in radi-

ance between a calibration using E and a calibration using c + crc.

A generous estimate of crc is used here; crc = +__0.015. The corre-

sponding radiance error OLc is shown in Figure 6b.

The NESR was determined by Walden [1995]; it is significant

primarily at the limits of the interferometer's bandwidth (Figure

6c), as a result of the roll-off of the instrument response. The cho-

sen bandwidth of the instrument restricts the NESR to an accept-

able level for this study.

The total radiance error (Figure 6d) shows generally the same

spectral characteristics as CrLT and crL r. The radiance error due to

temperature uncertainty crLT constitutes most of the total error, but

crkt provides a sizable contribution. The effect of the NESR

becomes significant at the ends of the instrument's bandpass and

dominates at high wavenumbers.

5. Specification of Atmospheric Composition and
Structure

Model atmospheres are constructed for the times that spectral

radiance was measured on January 17, May I, and October 5. The
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trace gases included in our model atmospheres are water vapor.

carbon dioxide, ozone, methane, nitrous oxide, oxygen, CCI3F

(CFC-II). and CCI2F 2 (CFC-12). They are included either

because they are major infrared emitters in the atmosphere (water

vapor, carbon dioxide, ozone, methane, nitrous oxide) or because

their concentrations are readily available at South Pole Station

(CFC-] 1, CFC-12). The values are summarized in Table 1 along

with other information about the three selected test cases.

Detailed information on each model atmospheric profile and their

associated uncertainties is given by Walden [1995].

To select times when the sky conditions were most clear, we

consult the visual sky observations made by the SPWO and by

Warren. Clouds were detected at night when they were illumi-

nated by moonlight or, in the absence of moonlight, by their

obscuration of familiar stars. Slight diamond dust was observed

by Warren in the interferometer's field of view on May I but not

on January, 17 and October 5. Sunlight was available for the

observations on January 1 and October 5. Both the Sun and the

moon were below the horizon on May I.

5.1 Temperature

The temperature profiles in the near-surface layer, from the sur-

face (2.8 km above sea level) to 4 kin, were obtained from SPWO

radiosondes, corrected for thermal lag of the radiosonde's ther-

mistor by the method ofMahesh et al. [1997]. The uncertainty in

this correction depends upon how rapidly the temperature struc-

ture changes with altitude and is therefore greater in winter

(_+.0.6°C) than in summer (+_0.2°C). Another concern is the tempo-

ral constancy of the temperature within the inversion layer, since

the temperatures were not measured coincidentally with the spec-

tral radiances; the times of the FTIR measurement and the radio-

sonde launch are shown in Table I. For May I the uncertainty is

estimated to be 0.6°C, and 0.9°C for October 5 [Walden, 1995].

The total uncertainty in the near-surface temperature profile is

obtained by combining the two uncertainties discussed above with

the inherent temperature uncertainty (_+.0.5°C) given by the manu-

facturer of the sonde (Atmospheric Instrumentation Research.

Inc., Boulder. Colorado). For the near-surface layer these are

±0.5°C. -'__I.0°C. and +_1.2°C for January 17. May 1, and October

5.

The temperature profiles above 4 km are derived from the

SPWO radiosonde data and data from the co'ogenic limb array

etalon spectrometer (CLAES) and the Halogen Occultation Exper-

iment tHALOE) aboard the UARS [Roche et aL, 1993; Russell et

al., 1993: Hervig et al., 1995]. The radiosondes for our three case

studies reached altitudes of about 30 kin. The temperature uncer-

tainty betxseen 4 and 30 km is set to __.0.5°C, the manufacturer's

estimate. Temperatures between 30 km and 60 km v, ere obtained

from the UARS data archive at the Distributed Active Archive

Center (DA.AC) at Goddard Space Flight Center. The time refer-

ence data product (3AT) was used. The retrieved temperatures

from CLAES have better accuracy (1°-2°C) than those from

HALOE (2°-5°C) and are therefore used _'henever available.

Only data with positive quality values are used, meaning that the

data are based on actual atmospheric measurements rather than

climatology. Even though the UARS instruments view only to a

maximum southern latitude of 80°S, the temperatures from the

radiosondes generally agree with those from UARS, _'here they

overlap, to within the estimated uncertainties at the 2_ level. This

agreement is found as well for water vapor and ozone discussed

below.

The temperature profiles for the three model atmospheres are

shown in the first two columns of Figure 7; the second column

shows the near-surface layer with an expanded vertical scale. The

atmosphere is warmest at all altitudes on January 17. By May 1

the stratosphere has cooled as a result of the lack of sunlight. In

October the temperatures between 14 and 17 km are below 195 K,

cold enough for the formation of type I PSCs. The near-surface

temperature structure on January 17 shows a small surface-based

inversion, indicating that solar heating of the surface is not provid-

ing enough energy to compensate for the loss of Iongwave radia-

tion. On May i with no Sun, and October 5 with low Sun, the

surface-based inversion is well developed.

5.2 Water Vapor

Water vapor is an extremely important atmospheric constituent,

but it is the least well known of the gases measured at South Pole

and used in this study. The tethered kite experiments described by

Mahesh et al. [1997] are used to gain insight into the water vapor

content of the near-surface atmosphere. Despite the fact that the

carbon hygristors used for these tests were calibrated only down to

-40°C, the data suggest that the relative humidity with respect to

ice (R.H i) is close to saturation in the near-surface layer. In fact,

Schwerdtfeger [1970; 1984] took the frequent occurrence of dia-

mond dust ice crystals as evidence that the lower atmosphere must

be at least saturated with respect to ice. On the basis of the teth-

ered hygristor data we assume that the near-surface inversion layer

is saturated with respect to ice, and we bound the atmospheric rel-

ative humidity (with respect to ice) in this layer with a range of 90-

110%.

Tropospheric humidity was measured by three different instru-

ments: carbon hygristors used routinely by the SPWO, two frost-

point hygrometers launched by NOAA, and capacitive-type

Vaisala Humicaps that were packaged with the frost-point

hygrometers and ozonesondes. Like the carbon hygristors the

Humicaps are calibrated only down to -40°C. The frost-point

hygrometers are designed to measure stratospheric humidities and

thus are tuned for low absolute humidities (S. J. Oltmans, personal

communication, 1993).

On the basis of a small set of intercomparisons between these

various instruments it is impossible to draw firm conclusions

about the variability of tropospheric humidity. However, the data

suggest that the troposphere can be either near saturation or sub-

stantially subsaturated in the winter [Walden, 1995]. Because

there is no agreement between the SPWO carbon hygristor and the

Vaisala Humicap, some judgment is needed in specification of

humidity for the model atmospheres, taking into account the atmo-

spheric processes occurring over the Antarctic Plateau. For all

three of our model atmospheres, RMi from 4 to 7 km is assumed to

be 75% _+25%.

The microwave limb sounder (MLS) and HALOE instruments

from the UARS are used here to provide water vapor information

from about 30 to 60 km, or 100 to 0.1 mbar. Comparisons

between MLS data and the two NOAA-CMDL frost-point

hygrometers launched from South Pole in 1992 are very good

despite the fact that the UAR.S data are for lower latitudes

[Walden. 1995].

Figure 7 (right) shows the humidity profiles for the three model

atmospheres. In all cases the troposphere is more humid than the

upper atmosphere. The May and October cases have less water

vapor in the near-surface layer and the troposphere because of the

extreme low temperatures. The total column amount is i mm of
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Figure 7. Vertical temperature and humidity profiles for the three model atmospheres: (left) temperature through
the entire atmosphere; (middle) temperature in the first 4 km above the surface, and (right) water vapor profiles for

the entire atmosphere. Error bars are discussed in the text.

precipitable water on January 17, and 0.3 mm for May 1 and Octo-

ber 5.

5.3 Other Gases

Air samples were collected in flasks and analyzed for CO2 by

NOAA-CMDL [Komhyr et al., 1983, 1985; Thoning et al., 1987].

The values on January 17, May 1, and October 5 were 353.5,

353.5, and 355.0 ppmv, respe_ively. These mixing ratios are

used at all altitudes in the model atmospheres, since CO 2 is well

mixed in the troposphere and stratosphere. As a conservative csti-

mate of the uncertainty we used" 2 ppmv, the range of the seasonal

cycle.
Ozone profiles were obtained from 68 ozonesondes launched

by NOAA-CMDL in 1992, approximately once per week through

most of the year but once every 3 days in spring. To specify ozone

profiles for the model atmospheres, we interpolate linearly in time
between the measured profiles. Since the ozonesondes typically

rise only to about 30 kin, ozone amounts for 30-60 km are

obtained from MLS (205-GHz channel), CLAES (780-cm'1 chan-

nel), and HALOE. Overlap of the sonde data with the satellite
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data _vas excellent on January 17 (MLS) and May 1 (CLAES) and

good on October 5 (HALOE). For these 3 days, the integrated •

ozone profiles agree to within 5% with the total ozone reported by

CMDL's Dobson spectrophotometer at South Pole and the total

ozone mapping spectrometer aboard the Nimbus 7 satellite.

The ozone profiles for the three model atmospheres are shown

in Figure 8. On October 5, severe depletion is seen between 12

and 18 kin, coincident with the low temperatures in this region.

The total column ozone amounts for January i 7, May I, and Octo-

ber 5 are 287, 247, and 147 Dobson units (DU).

Methane mixing ratios at the surface were obtained by analyz-

ing flask samples {Steele et al., 1987; Lang et al., 1990a,b], col-

lected approximately once per week during 1992. Nitrous oxide

mixing ratios at the surface were also measured by CMDL (J. But-

ler, personal communication, 1995). Profiles of tropospheric
methane and nitrous oxide were not available, so their mixing

ratios from the surface to 10-15 km were set equal to the monthly

average surface values. Their seasonal cycles were used to esti-

mate the uncertainty in the mixing ratios in the troposphere, about

30 ppbv for methane and 1 ppbv for nitrous oxide. These uncer-

tainty values were doubled between 10 and 15 krn, where it was

necessary to match the surface values to UARS data in some
cases. Methane above 15 km was obtained from CLAES in Janu-

ary and May and HALOE in October. Concentrations of nitrous
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oxide for the January and May cases came from CLAES. Nitrous

oxide data were not available for October 5, so the values above

15 km were set to one third the value ofthe CLAES data from Jan-

uary 17 in rough agreement with data from Figure 6 of Randall et

all [1994]. The estimated relative uncertainty for October 5 is

double that of the January case. Figure 8 shows the vertical pro-

files of methane and nitrous oxide used in the model atmospheres.

The chlorofluorocarbons, CFC-II and CFC-12, were included

in a manner similar to that for CH 4 and NzO. Their mixing ratios

at the surface were measured by CMDL. The monthly average

surface values were used up to about 15 km: about 266 pptv for

CFC-I 1 and 495 pptv for CFC-12. Data from CLAES for January

17 were used above 15 km for all three test cases, since data were

not available for May 1 and October 5. Sensitivity studies showed

that the downward radiance is insensitive to the uncertainty in the

stratospheric concentration but that it is important to specify the

observed decrease in concentration above 15 km.

Oxygen was also included to account for its weak emission

band from 1390 to 1760 cm "1. Its mixing ratio was set to 20.95%

by volume [Goody and Yung, 1989].

l,'L'l 4 was not included b¢catts¢ its contribution to emission at

790 cm "1 appears to be within the estimated radiance uncertainty.

HNO3 was not included because its tropospheric concentration

was not measured at South Pole.

6, Radiative Transfer Calculations

6.1 Line-By-Line Radiative Transfer Model

This model (LBLRTM) was developed for the ARM program

[Clough et al., 1992] and has become a standard in the atmo-

spheric radiation community. It is a vectorized version of

FASCOD3 [Clough et al., 1989b] and is used here to calculate

radiance in a vertically inhomogeneous, but horizontally homoge-

neous, atmosphere. Clough et al. [1992] described the numerical

techniques and approximations used to implement the radiative

transfer equation in LBLRTM and also compared its output with

another LBL model that was used in the ICRCCM study.

LBLRTM has also been compared with accurate spectral radiance

measurements taken at midlatitudes [Clough et al., 1989a; 1992].

Example calculations were given by Clough et al. [1992] and

Clough and lacono [1995]. Version 3 of LBLRTM, released in

April 1996, is employed here in conjunction with the 1992 version

of the high-resolution line parameter (HITRAN) database [Roth-

man et aL, 1992].

The input to LBLRTM is provided by the model atmospheres

described above. The specified wavenumber range in LBLRTM

exceeds the bandwidth of the UD interferometer by at least 25

cm "l. The zenith angle is set to the value of the angle readout

given by UD's interferometer after being adjusted slightly for the

measured tilt of the roof upon which the interferometer was

mounted. The observation height specified within LBLRTM is 10

m above the surface, because the interferometer occupied a roof-

top location 10 m above the surrounding snow surface. The maxi-

mum height and vertical resolution of the model atmospheres are

specified below. All other values required by LBLRTM are set to

the default values; in particular, the line shape calculation uses a

Voigt profile that extends to 25 cm "1 from the line centers.

The water vapor continuum is represented by the Clough-

Kneizys-Davies (CKD) model, version 2.2. Clough et al. [1992]

showed the importance of including the self- and foreign-broaden-

ing effects of water vapor in a manner consistent with observa-

tions. They used the sub-Arctic winter standard atmosphere to

illustrate the particular importance of lhe foreign continuum for

cold atmospheres. The original CKD model [Clough et al.,

1989c] has been updated on the basis of comparisons with atmo-

spheric spectral radiance data.

One advantage of using a model for calculating atmospheric

radiances is that the full infrared spectrum can be examined,

beyond the spectral limits of the measurements. Figure 9 shows
radiance calculations for the three model atmospheres at a viewing

zenith angle of 45" from 100 to 2000 cm "1 (5 to 100 tam). In Fig-

ure 9a the spectrum is labeled according to contributions from the

major radiatively active gases. The radiance is lower in the winter

(May 1) and early spring (October 5) than in summer (January

17), because of lower atmospheric temperatures.

The relatively transparent portion of the water vapor rotational

band extends from the wing of the carbon dioxide band at 550

cm "l 1o around 350 cm "l. This spectral region is of particular

importance to the radiative balance of polar atmospheres. The
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Figure 9. Radiance calculations for the three model atmospheres
at a viewing zenith angle of 45" from 100 to 2000 cm "t (5 to 100

pro). The vertical dotted lines represent the bandwidth of the mea-
surements obtained by using the UD interferometer. The dashed

curves are Planck radiances for.the air temperatures at 21 m above

the surface (lower curve) and the top of the inversion layer about

1.2 km above the surface (warmer; upper curve). Values are given

in the figure for the total downward infrared flux at the surface:

they were measured by a pyrgeometer.
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emission from _hc _ater vapor rotational bands at v < 350 cm "1

matches a Planck curve well in summer, but not in the winter and

spring because of the low water vapor amounts. This fact is some-
_hat truc as _,.cll for the vibration-rotation band of v, ater vapor at

1,100 to 1600 cml Even though the atmosphere over the Antarc-

tic Plateau contains at most only I mm of precipitable water, and

thus emission from the water vapor continuum (between about

600 and 1000 cm l) is small, water vapor is still the primary emit-

let of thermal radiation to the surface [Walden and Warren, 1994].

contributing about t_vo thirds of the total downward flux to the

surface. The 667-cm'1 (15-pro) absorption band of carbon dioxide

is important because it is strong and is located near the peak of the

Planck function• The near-surface temperature inversion is stron-

gest in May and weakest in January; its effect on the carbon diox-
ide band is evident. Emission from ozone at 1042 cm "1 is

maximum in January: it is lower in May because of low strato-

spheric temperatures, and even lower in October because of

reduced ozone abundance. The emission bands of methane and

nitrous oxide around 1100 to 1200 cm "1 are also visible. The N20

' band at 1168 cm "t contributes in the window region, while emis-

sion from both CH4 and N20 overlaps with water vapor between

1200 and 1300 cm "1. CH4 and N2 O are therefore relatively more

important in _inter. when emission from water vapor is weaker.

The importance of the near-surface air temperature and the var-

ious atmospheric window regions is seen by comparing the Planck

functions _ith the spectral radiance. Two Planck functions are

plotted: one for the surface air temperature at 2 m and the other for

the temperature at the top of the inversion. The peaks of the

Planck functions for the January case are centered on the carbon

dioxide band. _hereas in May and October, when the tempera-

tures are lower, the peaks are on the low-wavenumber side of the

band. The carbon dioxide band is relatively more important to the

surface energ.v budget in Antarctica than at other terrestrial loca-

tions both for this reason and also because emission from uater

vapor is small and therefore has little overlap with the CO2 band.

The radiance values between the verlical dotted lines in Figure

9 constitute the standard model calculations used throughout this

paper because this is the wavenumber region measured by the
interferomcter. The comparisons discussed below represent the

most variable and perhaps most interesting portion of the infrared

spectrum, but they do not provide a check on the emission from

_ater vapor at 1o_ (<550 cm "l) and high (>1667 cm d) wavenum-

hers.

6.2 Matching Calculations to Measurements

To compare spectral radiance observations with the results of a

high-spectral-resolution radiative transfer model such as

LBLRTM. it is necessary to account for the finite field of vie_

(FOV) of the intcrferometer and also to match the spectral resolu-
tion of the calculations to that of the observations. Steel [1964]

and Bell [1972] discuss such corrections in general terms. The

discussions by CIough et al. [I 989a] and Smith et al. [1989] apply

this rheas' to comparisons of LBL calculations with interferomet-

ric measurements of atmospheric radiance and transmission. In

this study. LBLRTM calculations are converted to spectra suitable

for com;arisons with observed spectral radiances by using the fot-

lo_ing procedure. LBLRTM calculates a spectrum at its own

internal spectral resolution, which is about 0.001 cm l. An inter-

feropram is eenerated from the calculated spectrum, then apodized

by using the Hann-uindow function [Press et at.. 1992]. (This

apodization function was also applied to the measured interfero-

grams, and for proper comparisons it is necessary to apply the

same apodization function to the calculations•) This interferogram

is used to interpolate the spectrum to a wavenumber spacing of

0.01 cm "1, much finer than the wavcnumber grid of the trans-

formed apodized interferogram. This procedure is all done within

LBLRTM. The resulting calculated spectrum now matches the

spectral resolution of the radiance measurements. A FOV correc-

tion [Walden, 1995] is applied by using trapezoidal integration to

perform the integral over field of view,

L (V. d (lO)
LLBL(V') --".a0 _ a\'_,)

where L a is the apodized version of the calculated spectrum. The

variable of integration, P, is the cosine of the angle 0 measured

from the center of the FOV. The outer limit of the FOV is at

= 8 m. The weight w(p) is set to the constant value of 1.0 from la

= 0.9996 (Bin = 1.5°) to g = i and set to zero elsewhere. Sensitiv-

ity studies show that the calculated spectra described in this study
are insensitive to reasonable assumptions about the shape of the

FOV and uncertainty in the choice of 0m- Finally, the oversam-

pied, field.of-view-corrected, calculated spectrum is linearly inter-

polated from its fine wavenumber grid to the coarser grid of the

measurements, allowing LLBL tO be directly compared to Ls from

equation (2).
Before the correction was applied, there were large differences

between the observed spectra and the LBLRTM calculations

where the spectrum varied rapidly, notably in the wings of the

CO 2 band near 600 and 750 cm "f. The FOV correction greatly

reduced these differences.
The radiances supplied to the ICRCCM project by Walden et

al. [1997] differ slightly from those reported here in two ways.

First, Walden et al. [1997] re-calibrated the radiance measure-

ments by adjusting the temperatures of the calibration sources

[Tw - n*a(T_) and T c+ n*a(Tc)], choosing a value of n as neces-

sary to eliminate most of the negative radiances in the atmospheric

window regions: n = +1 for Jan 17 (45°), 0 for Jan 17 (75°). +1 for

May 1 t45°). 0 for May I (75°). +1 for Oct 5 (45°), +2 for Oct 5

(75°). Second. Walden etal. [1997] chose to remove the effect of

the FC)V from the measurements rather than incorporate it into the

calculations. This was done by adjusting the wavenumber scale of

the original measurements, v, by v' = v / (cos0m)- This corrects

for the wavenumber shift caused by off-axis rays in the interfer-

ometer, but does not account for the slight spectral smearing; both

effects are described by Bell [1972].

7. Uncertainties in the Calculated Radiances

There are many possible sources of error in the LBLRTM cal-

culations. These include uncertainties in the specification of the

model atmosphere, the database of absorption line parameters

(HITRAN92). the model's numerical techniques, and the treat-

ment of the physics of infrared emission and absorption. EIling-

son et al. [1991] briefly discussed the three latter sources, finding

that LBL models agree well with each other where accurate spec-

troscopic data are available (e.g.. carbon dioxide), indicating that

the different numerical techniques used in the various models

were all adequate. However, large uncertainties persist where

there are deficiencies in the line parameter data. the theory of gas-

eous absorption, or the specification of the model atmosphere.

The purpose of the following error analysis is to place a lower

bound on the radiance error in the model calculations by consider-

ing only those sources of error induced by uncertainties in the

specification of the model atmosphere and in the viewing zenith

angle.
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7.1 Maximum Height of the Model Atmosphere

The error in calculated radiance caused by truncating the model

atmosphere is determined by subtracting the radiance for a 60-kin

atmosphere from those truncated at 30, 40, or 50 kin. These radi-

ance differences are negative, since the emission from a truncated

atmosphere is less. The radiance errors for a 30-kin atmosphere

are significant, especially near the 1042-cm "1 ozone band, where

they exceed -0.8 mW m "2 sr "l (cm'l) "t. The errors are seen prima-

rily in spectral regions with weak absorption, where emission can

come from throughout the atmosphere. The difference in radiance

between a 50-kin atmosphere and a 60-kin atmosphere is very

small (less than -0.02 mW m"2 sr "l (cm'l) "l ), so we judge 60 km

to be adequate and use this as the maximum height in all further

calculations.

7.2 Vertical Resolution and Temperature Structure

in the Lowest 300 m

Ideally, an altitude grid can be chosen that adequately repre-

sents the near-surface temperature inversion over the plateau in

winter, when it is steepest. Model atmospheres with extreme

inversions and large zenith angles are most sensitive to changes in

the vertical resolution, so it is best to use such cases for choosing

the vertical resolution. We chose the October 5 atmosphere at a

zenith angle of 75*, since its temperature gradient in the lowest

100 m is the steepest of the three model atmospheres. Several dif-

ferent altitude grids between the surface (2.84 kin) and 3.15 km

are defined: grids with uniform spacings (10, 20, and 30 m) and a

variable grid with spacing varying from 5 to 100 m, increasing

with altitude. Between 3.15 and 60 km the grid spacing varies

from 150 m to 5 kin, gradually increasing with altitude, and is held

constant in these sensitivity studies. The appropriate vertical reso-

lution is chosen by successively decreasing the uniform altitude

spacing in the near-surface layer until the radiance difference
between successive runs is smaller than a specified tolerance.

This tolerance is chosen as the radiance error induced by uncer-

tainties in the temperature profile, discussed below.
The calculated radiance is sensitive to vertical resolution

mainly in spectral regions that are strongly absorbed; i.e., regions

in _hich most of the measured radiance originated in the inversion

layer. The 30-m grid causes significant differences, but the 10-m

and 20-m grids give almost identical results. Both still show a dif-

ference from the variable grid in the CO 2 band, but this difference

is small in comparison with radiance errors caused by the uncer-

tainty in the specification of the temperature profile, discussed

next. The calculations shown below use the variable grid.

7.3 Radiance Error Due to Uncertainty in Atmospheric

Temperature and Composition

With the vertical resolution and the height of the model atmo-

sphere chosen so that the), induce little error in the LBLRTM cal-

culations, the radiance error is now determined by performing

sensitivity studies by using the model atmosphere data and their

uncertainties. Standard spectral radiance calculations are produced

using the profile information presented in Figures 7 and 8. Radi-

ance errors are determined by perturbing, one at a time, an individ-

ual profile in the model atmosphere by adding its uncertainty.

LBLRTM is then run with this perturbed model atmosphere,

yielding a radiance spectrum. The radiance errors are found by

subtracting the standard radiance case from that obtained with the

perturbed atmosphere. The total radiance error is found by taking

the square root of the sum of the squares of the radiance differ-

ences due to the various profile perturbations.

The results for January 17 at 45 ° and May 1 at 75", represent-

ing the warmest and coldest atmospheres at South Pole, are shown

in Figure 10. These radiance errors represent the range of errors to

be expected for clear-sky calculations with LBLRTM for the Ant-

arctic Plateau. Only the four major sources of error are shown in

Figure ]0; the errors due to uncertainty in concentrations of car-

bon dioxide, methane, nitrous oxide, CFC-1 I, and CFC-12 are all

negligible in comparison with those shown. The radiance errors
for October 5 are similar to those for May I. The total radiance

error in summer is dominated by uncertainties in the temperature

and water vapor profiles. In winter the uncenainty in zenith angle

(discussed below) is also a major contributor. The total error in
calculated radiance for these cases is comparable to the error in

measured radiance shown in Figure 6. However. the spectral

structure is different. It should be emphasized that the error esti-

mates for the LBLRTM calculations assume the sky is clear. The

visual sky observations were initially used to identify clear test

cases, but subvisible clouds and aerosols may still have been

present in the actual atmosphere. This possibility is examined

below.

The uncertainty in zenith angle is due to many sources, some of

which are quantified here and some of which are estimated. The

angle readout for the interferometer's mirror assembly was accu-

rate to within a few millivolts, or roughly 0.1 °. The tilt of the roof

during 1992 was estimated as 0.4* +_0.1". Additional sources of

uncertainty included the interferometer being mounted in a non-

level position and inaccuracy in calibration of the angle readout

(which is ideally set to 0* when viewing vertically and 90*. when

viewing horizontally). One test indicated that the zenith angle was

actually 73.8 ° at the 75* mechanical mirror stop, an offset of 1.2"

if it is assumed that the angle readout was set to exactly the 75*

voltage during that test (R. Van Allen, personal communication,

1995). When all these sources of uncertainty are taken into

account, a generous estimate of the overall zenith angle uncer-

tainty is ___1.5*.

The radiance errors induced by the uncertainty in the zenith

angle are most significant in the wintertime. The largest contribu-

tions are primarily in regions where gases have intermediate

absorption, i.e., the wings of the carbon dioxide band, the weak

bands of carbon dioxide (975 cml) and nitrous oxide ( 1168 cm" I),

the ozone band, and methane, nitrous oxide, and water between

1200 and 1500 cm "l. Emission from these regions comes from a

long path length in the atmosphere and therefore comes on aver-

age from a great distance from the observation point. The farther

away the emission region, the greater the change in effective emit-

ling temperature due to a given change in zenith angle (if the tem-

perature varies with height). The radiance error is large in the
ozone band because most ozone emission comes from the upper

troposphere and lower stratosphere. The zenith angle uncertainty

induces much less error in summer because of weaker temperature

gradients; the error is confined to the wings of the carbon dioxide

band.

The uncertainty in the temperature profile produces radiance

errors in spectral regions where emission is from altitudes at

which the temperature is changing rapidly and where gases are

strongly absorbing. Most of the errors in both summer and winter
are from emission within the inversion layer (carbon dioxide and

water vapor), but there is also a significant contribution in the

Ozone band.

The radiance errors due to water vapor and ozone are confined

to regions in which they emit radiation. The errors are largest

where the uncertainty in the individual profile is greatest. Thus,

for water vapor, the errors occur in spectral regions where emis-
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Figure 10. Estimated radiance errors for January. 17. 1992. at 45* and May !, 1992, at 75" based on sensitivity
studies using the model atmospheres. The total error is the quadrature sum of the radiance errors induced by the

various profile perturbations discussed in the text. The wavcnumber range corresponds to the bandwidth of the

UD interferometer.

sion is from the free troposphere and stratosphere (above 4 kin); and 600 cm "1 are large because the Planck function peaks near

i.e., regions of intermediate and weak absorption. LBLRTM is these wavenumbers and the tropospheric water vapor amounts are

insensitive to changes in water vapor from 625 to 700 cm "1 quite uncertain. The radiance errors due to uncertainties in ozone

because of overlap with carbon dioxide. The errors between 550 concentration are confined to the 1042-cm "1 band.

!
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8. Spectral Radiance Comparisons

The measurement and calculation for May I at 75 ° are shown

in Figure 11 along with their difference. This case is used for fur-

ther discussion below, since it is the most extreme model atmo-

sphere in terms of low surface temperature (-66°C), strength of the

surface-based temperature inversion (30 K), and low temperatures

throughout the atmosphere. Figure 12 shows the radiance differ-
ences for all six cases.

The overall agreement between the observations and LBLRTM

is good. In absolute radiance, differences are comparable to those

reported from SPECTRE [Ellingson and Wiscombe, 1996]. We

judge radiance differences to be significant, and requiring expla-

nation, if they exceed twice the estimated combined radiance error

from both the measurements and calculations. This situation

occurs only in a few spectral regions, discussed below along with
a general discussion of the overall comparisons in the following

spectral bands: carbon dioxide (550-800 cm'l), 1I-_m window

(800-990 cm'l), ozone (990-1070 cm'l), 9-_m window (1070-

1200 cm'l), methane and nitrous oxide (1200-1350 cm'l), and

water vapor (1350-1500 cm "l and 1500-1667 cm'I). Selected

portions of the spectra for May 1 at 75" are plotted in Figure 13

along with the radiance difference and the estimated error in the

radiance difference. The error in radiance difference is the square

root of the sum of the squares of errors in the measurements and

calculations.

8.1 Carbon Dioxide

In the carbon dioxide band from 550 to 800 cm "l (Figures I 1

and 12) the agreement is fairly good in all cases. The spurious line
at 667 cln "l often seen in the measurements and in the radiance

differences is due to very strong absorption by carbon dioxide

where the instrument mostly views its internal temperature. At

this frequency the ratio of the difference spectra, "/', is indetermi-

nate: see equations (2) and (3). The spectral structure in the radi-

ance differences between 600 and 725 cm "l, particularly in May

and October ,.,,'hen the temperature gradient is large, is probably

due to error in specification of the temperature structure and zenith

angle. The largest differences in this band are between 550 and

600 cm "1, shown in Figure 13a. This figure shows that the spectral

details in the measurements and calculations agree quite well, giv-

ing confidence in the field of view correction and the spectral res-
olution correction, and indicating that the signal-to-noise ratio is

adequate at this end of the interferometer's bandwidth, where the

instrument response is dropping rapidly. The large offset between

570 and 600 cm "1 points to a consistent problem in the winter

when the calculation is usually larger than the measurement. It is

possible that the uncertainty in the calibration source emissivity

has been underestimated in this spectral region (see Figure 4).

This possibility precludes detection of faults in the radiative trans-

fer model or the spectroscopic data in this spectral region.
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Figure 11. Spectral radiance measured by the UD interferometer, compared with LBLRTM calculations for May
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8.2 The ll-pm Window

The _ indow region is the most transparent portion of the inter-

ferometcrs band_vidth, and therefore emission from clouds, aero-

sols. and diamond dust ice crystals are easily detected here. The

sky obser_ ation for May I indicated the presence of diamond dust

ice crystals. _hicb is typical for clear skies in winter at South Pole.

On October 5. PSCs may have been present over South Pole, since

the temperature near 15 km (-81°C; Figure 7) was below the

threshold (195 K or -78°C) at which they are expected to form.

Ice crystals and clouds, if present, would cause the measured radi-

ance to exceed the clear-sky calculation, which would give a posi-

tive radiance difference (measurement minus calculation).

Ho_ve_er. the radiance differences plotted in Figures 11 and 12

land on an expanded scale in Figure 13b) are both positive and

negative and not significantly different from zero in this spectral

region.._usgcsting that they are not due to the presence of ice crys-

tals or PSCs. This result is particularly evident in the January. and

October cases where the calculated radiance exceeds the measured

radiance Since no significant negative radiance differences exist

in any of the comparisons, the emission from diamond dust ice

crystals and PSCs. if present, is within the estimated error.

In Figure 13b. emissions from CFC-I 1 and CFC-12 are appar-

ent. as well as water vapor lines. The weak absorption band of

carbon dioxide is visible around 960 cm "t. The radiance differ-

ence betx_een 850 and 900 cm "l is on average larger than other

regions in Figure 13b because nitric acid was not included in the

LBLRTM calculation.

8.3 Ozone

Ozone emission is seen in Figure 13c. The spectral details cor-

respond well. validating both the HITRAN spectral line parameter
data and the FOV and spectral resolution corrections applied to the

calculations. The differences seen in Figure 13c are within twice

the estimated radiance error. The six comparisons (Figure 12)

show no consistent bias in the calculations in relation to the mea-

surements and therefore suggest possible errors in the individual

ozone profiles.

8.4 The 9-pro Window

Ozone and nitrous oxide (1168 cm "1) exhibit weak emission

between 1070 and 1200 cm "1, as Figure 13d shows. These Antarc-

tic spectra are ideal for viewing these features, since elsewhere on

Earth they are obscured by the water vapor continuum. The radi-

ance differences are generally within the estimated errors.

8.5 Methane and Nitrous Oxide

In the portion of the spectrum where nitrous oxide, methane,

and water vapor overlap (1200-1350 cm "l) there is good agree-

ment (Figure 13e). The spectral details seen in both the observa-
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tion:, and LI_,LRTM cutculations are similar. The comparisons are

quite good bct_ecn 1200 and 1250 cm "1. even at low radiance le,,-

els. Ftov.c_er. there is a lendency for the calculated radiances to

exceed the measurements betxveen spectral lines in the region
1250-1350 cm 1

8.6 Water Vapor

The tendency for calculations to exceed measurements between

spectral lines is more pronounced from 1350 to 1500 cm "_ (Figure

1313. ,._hcre emission is primarily due to water vapor. In general.

the peaks of spectral lines agree well. but there are large offsets
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betweenlineswith,insome cases, striking similarities in spectral

detail (for instance, around 1380 cm'l). Figure 12 shows the cal-

culation generally exceeding the radiance observation (negative

radiance differences) from 1250 to 1500 cm "1 for all six cases,

especially between strong water vapor emission lines. The radi-

ance differences exceed twice the estimated error in all the model

atmospheres, regardless of whether the residual calibration bias

seen in the measured window radiances is positive or negative.

Sensitivity studies were pert'on'ned on both the interferometric

calibration and the radiative transfer calculations in an attempt to

identify the cause of the discrepancies between 1250 and 1500

cm "L. First, the temperature of the warm calibration source was

adjusted to achieve bener agreement in this spectral region,

assuming the LBLRTM calculations were correct. The low values

of the measured radiance between spectral lines are more sensitive

to the calibration source radiance than are the peaks of the spectral

lines. Thus it is possible to fit the measured spectrum to the radi-

ance calculation by changing the warm source temperature. The

warm source temperature ,*'as chosen as a proxy for changes in the

calibration source radiance, since it is typically the largest source

of uncertainty in the measured radiances. To minimize the spec-

trolly averaged difference in radiance in this band, the warm

source temperature had to be decreased by about 6 K. This adjust-

ment provided a better match of the low radiances shown in Figure

13f, but it also increased unrealistically the radiance in other parts

of the spectrum, particularly the window regions. Furthermore, a

decrease in the warm source temperature of this magnitude would

imply that the intefferometer was viewing a source colder than

that repotted by the warm source thermistors, contrary to the evi-

dence from three different tests shown in Appendix A of Walden

[1995] and summarized in Figure 3b. Therefore miscalibration of

the measured radiances cannot explain all of the radiance differ-

ences between 1250 and 1500 cm "].

Second. sensitivity studies with LBLRTM were performed by

using different humidity profiles from the surface (2.8 km) to 7

km above sea level. As discussed above, the uncertainty in the

water vapor profiles is large. The calculated spectra are most sen-

sitive to humidity changes below 7 kin, since most of the "*'ater

`"apor is contained in the troposphere. The low radiance values

between spectral lines from 1250 to 1500 cm "1 are more sensitive

to humidity changes than are the peaks of lines, because the peaks

are saturated. Therefore the tropospheric humidity can be

adjusted to fit the radiance calculation to the measured spectrum.

As trial values, the tropospheric relative humidity with respect to

ice (RH i) "*'as set to 25%, 50%, 75%, and 100%. As RH i

decreases from 100% to 50%, the discrepancies between the cal-

culations and measurements also decrease. However, at RH i =

25% the peaks of the spectral lines become subsaturated, and the

agreement worsens. Therefore good agreement in both the peaks

and ",,alley's was impossible, but the best agreement "*as attained

for tropospheric RH i values of 25-50%. These low humidity val-

ues seem unreasonable, since ice crystal precipitation was

observed on every clear day in winter and on most clear days in

summer; the presence of precipitation implies saturated conditions

somewhere within the lower atmosphere.

Clougt, et al. [1992] and Th_riault et al. [1994] sho'*ed the

importance of the foreign-broadened water vapor continuum in

this spectral region, particularly in cold atmospheres where the

continuum increases the opacity between spectral lines. The oxy-

gen continuum is also important in cold and dry. atmospheres from

1400 cm "l to beyond the high-wavenumber limit of the interfer-

procter [Tiraofeyev and Tonkov. 1978; Rinsland et al., t989].

Revercomb et al. [1990] and Thdriault et al. [1994] found that cal-

culations using FASCODE (the predecessor of LBLRIM) and an

earlier version of the water vapor continuum model exceeded their

measurements, as we also find. Th_riault et al. [1994] calculated

radiance along horizontal paths at temperatures of -g_C to --4°C

and water vapor amounts of 0.6 to 1.2 g crn 2. They suggested that

perhaps either the foreign-broadened absorption coefficient has a

positive temperature dependence or the temperature dependence

of the strengths of nearby water vapor lines is in error. The for-

eign continuum absorption in the CKD model used here has a

slight temperature dependence through density, but the continuum

coefficients themselves do not depend on temperature (S. A.

Clough, personal communication, 1995).

The final spectral region considered here (1500-1667 cm t)

shows significant radiance differences (Figures I1 and 12), espe-

cially in January. This finding is surprising, since most of this

spectral region is strongly absorbed by "*'ater vapor and thus

should resemble a Planck curve, especially in January when the

lowest 2 km are nearly isothermal. Sensitivity studies show that

the choice of emissivity for the calibration sources has little effect

on the comparisons. It is possible that the noise equivalent spec-

tral radiance (Figure 6) was underestimated at these wavenum-

bets. However, since the errors are largest in Januar,.' and appear

to be a bias rather than noise, the radiance differences may be due

to slight water vapor variations within the warm and relatively

moist instrument during the measurement sequence that are not

accounted for in the calibration process. Errors of this t,,pe would

be most prevalent in spectral regions characterized by strong

absorption and emission, e.g., beyond 1500 cm 1.

9. Conclusions

A data set of downward Iongwave spectral radiance, measured

at South Pole Station in 1992. is augmented with ancillary data to

describe the atmosphere. An error analysis shows that the primary

source of uncertainty in the spectral radiances is the temperature

of the "*-arm calibration source; uncertainty in its emissi`' itv also

contributes significantly. The overall measurement error is largest

in spectral regions that are relatively transparent, particularly the

atmospheric window region (800-1250 cm'l). Three well-cali-

brated test cases are selected for clear-sky conditions.

The state of the atmosphere at the times of the test cases is con-

structed from radiosondes, water vapor sondes, and ozonesondes

and from surface measurements of carbon dioxide, methane.

nitrous oxide. CFC-1 I, and CFC-12 made at South Pole. Data

from the UARS satellite are used to describe the upper atmo-

sphere. Three model atmospheres have been constructed, includ-

ing estimated uncertainties in all profiles. These data represent the
coldest and driest test cases for radiative transfer models for ter-

restrial conditions.

The line-by-line radiative transfer model LBLRTM "*as used to

calculate spectral radiances, using the ancillary, data as input.

Before the measurements were compared, the calculations x_ere

adjusted for instrumental effects, namely, the spectral resolution

of the instrument and its finite field of view. Sources of error in

the calculations have been estimated; they are induced by uncer-

tainties in the viewing zenith angle and in the profiles of tempera-

ture and the principal radiatively active gases. The maior

contributors to this error are the uncertainties in the temperature

and water vapor profiles. The uncertainty in the yielding zenith

angle becomes important in ,.'inter. when a steep near-surface

temperature inversion persists over the Antarctic Plateau.
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The differences in radiance between the measurements and cal-

culations are generally within tv, ice the combined error in the

measurements and calculations. However. discrepancies exist at

both ends of the interferometer's bandwidth. Another region of

discrepancy is between spectral lines from 1250 to 1500 cm "_.

where emission is from the foreign-broadened water vapor contin-

uum. Sensitivity studies show that the discrepancies are probably

not solely due to errors in the spectral radiance calibration or to

inaccurate specification of the water vapor profiles and therefore

suggest errors in either the spectroscopic database or the model of

the foreign water vapor continuum, or both. Future field measure-

ments in the polar regions should concentrate on accurately deter-

mining temperature and water vapor within the boundary layer. In

addition, spectral radiance observations should be extended to

wavenumbers as low as 300 cm "t to fully measure the unsaturated

portion of the water vapor rotational band. These suggestions

apply in particular to the ARM site on the north slope of Alaska

and to the Surface Heat Budget of the Arctic Ocean (SHEBA)

experiment [Moritz and Perovich, 1996].

The spectral radiance measurements and their corresponding

model atmospheres are available to the modeling community

through ICRCCM [Walden et al., 1997].
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Abstract. A recently developed algorithm, SFXI2, is
used to assess profile information available in ground-
based FTIR measurements of HCI and HNO3 and to

analyze spectra recorded at Lauder, New Zealand, and
Arrival Heights, Antarctica. It is shown that the alti-

tude range of HCI retrievals may be extended by using
multiple spectral lines. A preliminary analysis of a
five year record of HNO_ at Lauder shows that the
Pinatubo aerosol caused a large increase of HNO_ in a
layer at about 20-30 km while having little effect at
lower altitude.

1. Introduction

It has long been understood that ground-based in-
frared Fourier transform (FTIR) spectra contain in-
formation on the altitude profile of the absorbing
molecules in the details of the observed lineshape.
The current work is part of an ongoing attempt to
exploit this information by applying techniques previ-
ously used on ground-based microwave emission
measurements (e.g. Connor et al., 1995). Results of
ozone profile retrievals with SFIT2 have appeared in
Pougatchev et ai., 1995 and 1996.

SFTF2 is a radiative transfer and profile retrieval
algorithm for use with spectra recorded in solar ab-
sorption. One or more spectral windows recorded at
one or more zenith angles are fit simultaneously. The
goodness-of-fit to the measured spectra is controlla-
ble, and may vary arbitrarily in different spectral in-
tervals. 1 or 2 trace gas profiles as well as column
amounts of interfering species, instrumental back-
ground parameters, wavelength calibration factors,
and an instrumental lineshape parameter may be re-
trieved.

2. Theoretical results

Ground-based FTIR measurements contain profile
information primarily because of the pressure broad-
ening of the spectral lines. This fact limits vertical
resolution to about a pressure scale height, and usu-
ally limits the altitude range of the retrieved profile to
approximately the region where the pressure width is

greater than the Doppler width, or about 25-30 kin.
Traditionally, ground-based FTIR measurements have
been used almost exclusively for determination of the
total column amount. This is not as direct a measure-

ment as it might seem, as the integrated absorption
cannot be taken directly from the spectrum because

only the relative (not absolute) absorption depth is
measured. Thus the accuracy of such measurements is

limited by the ability to calculate the spectrum with a
radiative transfer model which necessarily includes an

a priori assumption about the shape of the molecule's
height profde. This assumption is often the limiting
factor in the accuracy of the resulting column amount.
Retrieval of the height profile may be expected to
better exploit the information in the spectra, and so
improve the accuracy of the column determination.

The theoreticalaltitudesensitivityof a given

measurementmay bedirectlyassessedby examination

of itsaveragingkernels(Rodgers,1990).These am

functionswhich show explicitlyhow theatmosphere

issampledby theretrievedprofileor column. For-

maUy, they axe the derivatives of the retrieval with
respect to the real profile. A perfect measurement
would sample the intended region of the atmosphere
uniformly, and not include contributions from outside
that region. So for example, the averaging kernel for a
perfect column measurement would be equal to 1 at
all altitudes, while for a 10-20 km partial column, it
would be 1 in that altitude range and 0 elsewhere.

2.1 HCI

The HCI averaging kernels are shown in Fig. I.
Kernels for 3 different measurements are shown. The
most familiar measurement is the total column deter-

mination made .by scaling an a priori profile to
achieve minimum spectral residuals. The kernel for
that measurement is the thick solid line marked by
crosses.Itshows thatthesamplingoftheatmosphere

by the profilescalingtechnique is highly non-

uniform.Thisprovidesa good pointofreferencefor
theaveragingkernelsforprofileretrievaltechniques.

Two setsof averagingkernelsforprofileretrieval
am shown, one forwhich the analysisusesonlythe

RI line(2926cmt; dashedcurves)and one usingthe
RI, P5 (2776cm't),and P7 (2728cm") linessimulta-
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neously(solidlines). In both cases high signal to
noise (500-1000) is assumed. We first describe the R1
only measurement.

HCI AveragingKernels: Ideal Case "
so ........... ; .... ; 'i ........

I_--R1.PS, ImdP7 _ ._ [ ,_"

(

-1.0 .0.5 0.0 0.5 1.0 " 1_ .... 2.0

Layer Column Weight

Fig. I HCI averaging kernels for high signal-to-noise.
Results are shown for a retrieval with 3 spectral lines

(Rl, P5, and I>7) and for the Rl line alone.

Six separate functions (kernels) are plotted, five for
partial columns in 10 km thick layers from 0 to 50
km, and one (thick dashes) for the total column. The
kernels for the 0-10, 10-20, and 20-30 km partial col-
umns exhibit good sensitivity within their respective
ranges and fairly good discrimination outside them.
The kernel for 30-40 kin, on the other hand, shows an

equal response both above and below 40 kin, while
the 40-50 km kernel shows very poor sensitivity at all
altitudes. In short, the Rt line measurement has good

semiti_,iW'iip to'aboiff 30 ]_.'The kei'r/ei for the total
column is much improved over the profile scaling
case, showing that altitudes above about 15 km are
well and uniformly sampled. At lower altitudes there
is excess sensitivity (molecules will be overcounted)
in the upper troposphere.

When the P5 and P7 lines are used along with the

R1 the kernels plotted as solid lines result. The tro-
pospheric sensitivity is improved and the upper end of
the range is extended to about 40 kin. This is an inter-
esting and in part unexpected result. The key fact in
interpreting it is that the pressure broadening coeffi-
cients of the 3-lines vary over a range of 2.5 awes,
with the P lines being much narrower than the R1.

Therefore they will be more sensitive in the tro-

posphere,since the absorption is less spread out. That
the P lines should improve sensitivity in the upper
stratosphere is surprising. We believe the explanation
is that the differing line widths limply that the lines
respond differently to changes in the HCI profile,
even at altitudes where the pressure width is less than

the Doppler width, so long as the pressure width is
still a significant component of the total. By using the
three lines simultaneously the algorithm is able to

exploit their differing behavior.
In summary, theoretical analysis indicates that high

signal-to-noise measurements of HCI should yield

good profde information at I0 krn resolution up to 30
krn if the RI line is used, and up to 40 km ff the P5
and P7 lines are included. Furthermore, use of the

profile retrieval algorithm, as opposed to a profile

scaling, greatly improves sampling uniformity in the
total column determination, by reducing dependence

on the a priori profde shape.

2.2 HNO)

The left hand panel of Fig. 2 shows the averaging
kernels for a high signal-to-noise ratio case, similar to
that for HCI in Fig. 1. The spectral interval used is
867-870 cm". It is usually thought that there is little if
any profile information in HNO) spectra because of
the extensive line blending. However, Fig. 2 shows
that the 10-20 and 20-30 km regions can be distin-

guished reasonably well. Further, the total column
kernel exhibits more uniform sensitivity for the profile
retrieval than for profile scaling, as it did for HCI.
However, the partial column averaging kernels are
broader and less well def'med than for HCI, and the
total column kernel shows less sensitivity in the tro-

posphere. So while there is significant profile sensi-
tivity in the HNO3 spectra, it is less than for the un-
blended lines of HC1. The profile information which
does exist is probably due to the lines being partially
resolved and to the use of multiple manifolds.

HNO3 Kemele: Ideal Caae

4Oso....... ;.i',."'..../''''''''"...
20 ".*'" .

10

0

ReelCase
.... ,r.-., .... ,-- -,- --

+-_.,ol_nn, Profile
•_ Column, Profile Re_'l_v_
-- Io-2o Jan I/ T

//
•1.0 -0.S 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5

Layer Column WqdgM Layer Coka.n Weight

Fig. 2 I-[HO) averaging kernels. The [eft panel shows
results for high signal-to-noise; the right panel for
signal-to-noise characteristic of results achieved in

practice.

2.3 Practical IJmRaflons

Profile retrieval from pressure-broadened line-

shapes requires the ability both to make high quality,
low noise measurements, and to accurately simulate

the observed spectra with a forward model. These are
demanding requirements, and unfortunately it has not
been possible to achieve in practice the results which
might be expected based on the above theoretical
analysis. In particular, the informationavailable is
limited by our ability to model the measurements and
by systematic errors in the measurements themselves.
Both effects are manifest by spectral residuals which
are non-random, and larger on average than expected
from noise. A number of factors are known to con-

tribute here, including the instrument response func-

tion, spectroscopic parameters, and forward model
approximations. The degradation of the available pro-
file information may be seen in broader and flatter



averaging Ker-_els; ]mpl_ng less Glser;_ana,_on be-

tween layers and more influence of the a priori.

For HNO3 as measured at Lauder, the effective

si_gnal-to-noise (determined by the magnitude of the

spectral residuals) is about 200; the averaging kernels

for such measurements are shown on the right-hand

panel of Fig. 2. While the comparison to the high

signal-to-noise case in the left-hand panel is disap-

pointing, there is stiU some ability to distinguish the 2
layers, and the total column kernel is stili better than

that for profile scaling. In the next section we will

show results which suggest that useful profile infor-

mation may be acquired from such measurements in

practice as well as in theory.

3. Atmospheric Measurements

Despite both theoretical and practical limitations,
early results of profile retrievals on atmospheric data
are reasonably encouraging. We have made a prelimi-

nary analysis of the Lauder HNO3 data set, and ex-
perimented with a small number of LauderHC1 meas-
urements and HNO3 measurements from Arrival
Heights, Antarctica. It should be noted that this is

work-in-progress, and that further developments can

be expected.

HCl, Lauder, P7 Region PS Region
oo1,
.0°_1°I _ .0.iilI
1.021 h 1.051 -- m /
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R1 Region HCI, 7 Sept 1993
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._ 1.10-- :

1.00 ...i ! -
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Fig. 3. An HCI retrieval from data of 7 September

1993 at Lauder, New Zealand. The 3 spectra shown

were fit simultaneously in retrieving the profile shown

in the lower right panel.

3.1 HCl

An example of an HC1 spectrum and profile meas-
ured at Lauder is shown in Fig. 3. The spectral data

quality is excellent and the calculated spectrum fits
the measurement to 1:500 on average. It is interesting

to note that all 3 spectral regions are fit reasonably

well, although small systematic features do dominate

the residuals, the most visible being in the P5 line

center. Despite this, while the retrieved profile is gen-
erally reasonable, there is a significant discrepancy,

up to a factor 1.7, with HALOE HCI in the 20-30 inn

region. The cause of this is still being investigated. A

detailed algorithm comparison was recently carried
out (A. Goldman, private communication, 1996)

which would appear to role out the algorithm as the

principal source of this discrepancy.
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Measurements have been made at Lander (45 S)

since 1990 at 0.0035 - 0.007 cm "t resolution. Fig. 4

shows partial columns in the 10-20 and 20-30 km

layers. The data are monthly averages. The solid lines

are regression fits to the daily data (not shown) before

the Pinatubo eruption and in 1994-95, including an-

nual, semi-annual, and secular terms. Fig 5 shows the

ratio of the partial columns. The data show a repeat-

able annual cycle and a clear response to the Mt. Pi-

natubo aerosol injection. Further, HNO3 behaves dif-

ferently in the two altitude regions. The annual cycle

differs in that the autumnal increase is later in the

lower layer. Also, the transient response to the Pi-

natubo aerosol was much greater in the upper layer.
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i &o.!ols
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Fig. 4 A time series of HN03 in two layers at Lauder.
The data points are monthly means. The solid line is a

regression fit to single measurements made before and

after the atmosphere was perturbed by the eruption of
Mt. Pinatubo.
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Fig. 5. The ratio of the time series shown in Fig. 4.

HNO_ measurements are also made routinely at

Arrival Heights, Antarctica (78 S). Spectra are re-

corded at lower resolution (0.02 cm "t) than at Lmlder,

and ate genelally lower quality (Fig. 6). Nevertheless,

trials with the 1993 data show a fall to spring change

in profile shape roughly consistent with CLAES

measurements (Kumer et aL, 1996) in 1992, in that

the relative decrease in HNO3 is greater above 20 km

than below.



HNO3 Spectrum, Arrival Heights, 2 Oct 1993
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Fig 6. HNCh measurements made at Arrival Heights,

Antarctica.

4, Conclusions

In summary, a theoretical analysis of the altitude

sensitivity of FTIR measurements of HCI and HNO)

shows that significant profile information exists in

both measurements, and that in the case of HCI the

range of sensitivity may be extended by use of multi-

ple spectral lines. Experiments with HCI retrievals
from Lauder data and HNCh retrievals from Arrival

Heights have been performed. While the results are

generally as expected, there is art apparent anomaly in

the HCI profile which is unexplained. Preliminary

analysis of a five year time series of I-INCh data from
Lauder shows a behavior in adjacent 10 km layers

which is different in the 2 layers, yet repeatable from

year to year, and also a response to the Pinambo aero-

sol consistent with priori understanding of that event.
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Abstract A recently developed algorithm, SFIT2, is
used to assess profile information available in ground-
based FTIR measurements of HCI and HNO3 and to

analyze spectra recorded at Lander, New Zealand, and
Arrival Heights, Antarctica. It is shown that the alti-
tude range of HC1 retrievals may be extended by using
multiple spectral lines. A preliminary analysis of a
five year record of HNO3 at Lauder shows that the
Pinatubo aerosol caused a large increase of HNO_ in a
layer at about 20-30 km while having little effect at
lower altitude.

1. Introduction

It has long been understood that ground-based in-
frared Fourier transform (FTIR) spectra contain in-
formation on the altitude profile of the absorbing
molecules in the details of the observed lineshape.

The current work is part of an ongoing attempt to
exploit this information by applying techniques previ-
ously used on ground-based microwave emission
measurements (e.g. Cormor ct al., 1995). Results of

ozone profile retrievals with SH'I2 have appeared in
Pougatchev et al., 1995 and 1996.

SFIT2 is a radiative transfer and profile retrieval
algorithm for use with spectra recorded in solar ab-
sorption. One or more spectral windows recorded at
one or more zenith angles are fit simultaneously. The
goodness-of-fit to the measured spectra is controlla-
ble, and may vary arbitrarily in different spectral in-
tervals. 1 or 2 trace gas profiles as well as column
amounts of interfering species, instrumental back-

ground parameters, wavelength calibration factors,
and an instrumental lineshape parameter may be re-
trieved.

2. Theoretical results

Ground-based FTIR measurements contain profile

information primarily because of the pressure broad-
enmg of the spectral lines. This fact limits vertical
resolution to about a pressure scale height, and usu-
ally limits the altitude range of the retrieved profile to
approximately the region where the pressure width is

greater than the Doppler width, or about 25-30 kin.
Traditionally, ground-based FTIR measurements have
been used almost exclusively for determination of the
total column amount. This is not as direct a measure-

ment as it might seem, as the integrated absorption
cannot be taken directly from the spectrum because
only the relative (not absolute) absorption depth is
measured. Thus the accuracy of such measurements is
limited by the ability to calculate the spectrum with a
radiative transfer model which necessarily includes an

a priori assumption about the shape of the molecule's
height profile. This assumption is often the limiting
factor in the accuracy of the resulting column amount.
Retrieval of the height profile may be expected to

better exploit the information in the spectra, and so
improve the accuracy of the column determination.

The theoretical altitude sensitivity of a given
measurement may be directly assessed by examination

of its averaging kernels (Rodgers, 1990). These are
functions which show explicitly how the atmosphere

is sampled by the retrieved profile or column. For-
mally, they are the derivatives of the retrieval with
respect to the real profile. A perfect measurement
would sample the intended region of the atmosphere
uniformly, and not include contributions from outside
that region. So for example, the averaging kernel for a

perfect column measurement would be equal to 1 at
all altitudes, while for a 10-20 km partial column, it
would be 1 in that altitude range and 0 elsewhere.

2.1HCi

The HCf averaging kernels are shown in Fig. 1.
Kernels for 3 different measurements are shown. The
most familiar measurement is the total column deter-

ruination made .by scaling an a priori profile to
achieve minimum spectral residuals. The kernel for
that measurement is the thick solid line marked by

crosses. It shows that the sampling of the atmosphere

by the profile scaling technique is highly non-
uniform. This provides a good point of reference for
the averaging kernels for profile retrieval techniques.

Two sets of averaging kernels for profile retrieval
are shown, one for which the analysis uses only the
RI line (2926 cmt; dashed curves) and one using the
RI, P5 (2776 cm'_), and P7 (2728 cm "_) lines simulta-
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neously(solidlines).In bothcases high signal to
noise (500-1000) is assumed. We first describe the RI
only measurement.
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Fig. 1 HCI averaging kernels for high signal-to-noise.
Results are shown for a retrieval with 3 spectral lines
(R1, P5, and P7) and for the R1 line alone.

Six separate functions (kernels) are plotted, five for
partial columns in 10 km thick layers from 0 to 50
kin, and one (thick dashes) for the total column. The

kernels for the 0-10, 10-20, and 20-30 km partial col-
umns exhibit good sensitivity within their respective
ranges and fairly good discrimination outside them.
The kernel for 30-40 kin, on the other hand, shows an
equal response both above and below 40 kin, while

the 40-50 km kernel shows very poor sensitivity at all
altitudes. In short, the R1 line measurement has good
sen_iki_t_'iip' tb'ab_iK'30 ]_:ia:'Th_kemei for the total
column is much improved Over the profile scaling
case, showing that altitudes above about 15 km are
well and uniformly sampled. At lower altitudes there
is excess sensitivity (molecules will be overcounted)
in the upper troposphere.

When the P5 and 1>7 fines are used along with the
R1 the kernels plotted as solid fines result. The tro-
pospheric sensitivity is improved and the upper end of
the range is extended to about 40 kin. This is an inter-
esting and in part unexpected result. The key fact in
interpreting it is that the pressure broadening coeffi-
cients of the 3-lines vary over a range of 2.5 times,
with the P lines being much narrower than the R1.
Therefore they will be more sensitive in the tro-

posphere, since the absorption is less spread out. That
the P lines should improve sensitivity in the upper
stratosphere is surprising. We believe the explanation
is that the differing line widths limply that the lines
respond differently to changes in the HCI profile,
even at altitudes where the pressure width is less than
the Doppler width, so long as the pressure width is
still a significant component of the total. By using the
three lines simultaneously the algorithm is able to
exploit their differing behavior.

In summary, theoretical analysis indicates that high
signal-to-noise measurements of HCI should yield
good profile information at I0 km resolution up to 30
km if the R1 line is used, and up to 40 km if the P5
and 1'7 lines are included. Furthermore, use of the
profile retrieval algorithm, as opposed to a profile

scaling, greatly improves sampling uniformity in the
total colunm determination, by reducing dependence
on the a priori profile shape.

2.2 HNO_

The left hand panel of Fig. 2 shows the averaging
kernels for a high signal-to-noise ratio case, similar to
that for HCI in Fig. I. The spectral interval used is
867-870 cm "l. It is usually thought that there is little if
any profile information in HNO3 spectra because of
the extensive line blending. However, Fig. 2 shows
that the 10-20 and 20-30 km regions can be distin-
gnished reasonably well. Further, the total column
kernel exhibits more uniform sensitivity for the profile
retrieval than for profile scaling, as it did for HCI.
However, the partial column averaging kernels are
broader and less well defined than for HCI, and the
total column kernel shows less sensitivity in the tro-

posphere. So while there is significant profile sensi-
tivity in the HNO3 spectra, it is less than for the un-
blended fines of HCI. The profile information which

does exist is probably due to the fines being partially
resolved and to the use of multiple manifolds.
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Pig. 2 HNO3 averaging kernels. The left panel shows
results for high signal-to-noise; the fight panel for
signal-to-noise characteristic of results achieved in
practice.

2.3 Practical Limitations

Profile retrieval from pressure-broadened line-

shapes requires the ability both to make high quality,
low noise measurements, and to accurately simulate

the observed spectra with a forward model. These are
demanding requirements, and tmforttmately it has not
been possible to achieve in practice the results which
might be expected based on the above theoretical
analysis. In particular, the information available is
limited by our ability to model the measurements and
by systematic errors in the measurements themselves.
Both effects are manifest by spectral residuals which
are non-random, and larger on average than expected
from noise. A number of factors are known to con-

tribute here, including the instrument response func-
tion, spectroscopic parameters, and forward model
approximations. The degradation of the available pro-
file information may be seen in broader and flatter.



averaging kernels, implying less discrimination be-
tween layers and more influence of the a priori.

For HNO3 as measured at Lauder, the effective

signal-to-noise (determined by the magnitude of the
spectral residuals) is about 200; the averaging kernels
for such measurements are shown on the right-hand
panel of Fig. 2. While the comparison to the high
signal-to-noise case in the left-hand panel is disap-
pointing, there is still some ability to distinguish the 2
layers, and the total column kernel is still better than

that for profile scaling. In the next section we will
show results which suggest that useful profile infor-
mation may be acquired from such measurements in
practice as well as in theory.

3. Atmospheric Measurements

Despite both theoretical and practical limitations,
early results of profile retrievals on atmospheric data
are reasonably encouraging. We have made a prelimi-
nary analysis of the Lauder HNO3 data set, and ex-
perimented with a small number of Lauder HC! meas-
urements and HNO3 measurements from Arrival
Heights, Antarctica. It should be noted that this is

work-in-progress, and that further developments can
be expected.
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Fig. 3. An HC] retrieval from data of 7 September
1993 at Lauder, New Zealand. The 3 spectra shown
were fit simultaneously in retrieving the profile shown
in the lower right panel.

3.1 HC1

An example of an HCI spectrum and profile meas-
ured at Lauder is shown in Fig. 3. The spectral data
quality is excellent and the calculated spectrum fits
the measurement to 1:500 on average. It is interesting
to note that all 3 spectral regions are fit reasonably
well, although small systematic features do dominate
the residuals, the most visible being in the P5 line
center. Despite this, while the retrieved profile is gen-
erally reasonable, there is a significant discrepancy,
up to a factor 1.7, with HALOE HCI in the 20-30 km
region. The cause of this is still being investigated. A
detailed algorithm comparison was recently carried
out (A. Goldman, private communication, 1996)
which would appear to rule out the algorithm as the
principal source of this discrepancy.
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3.2 HNO3

Measurements have been made at Lauder (45 S)

since 1990 at 0.0035 - 0.007 cm "_resolution. Fig. 4

shows partial columns in the 10-20 and 20-30 kin
layers. The data are monthly averages. The solid lines
are regression fits to the dally data (not shown) before
the Pinatubo eruption and in 1994-95, including an-
nual, semi-annual, and secular terms. Fig 5 shows the
ratio of the partial columns. The data show a repeat-
able annual cycle and a clear response to the Mt. Pi-
natubo aerosol injection. Further, HNO3 behaves dif-
ferently in the two altitude regions. The annual cycle
differs in that the autumnal increase is later in the

lower layer. Also, the transient response to the Pi-
natubo aerosol was much greater in the upper layer.

HNO3 Partial Columnl at Lmuder
1.2.1018 ......... , ......... , ......... , .................. , .......... . ........

+'7........................
Fig. 4 A time series of HNO, in two layers at Lauder.
The data points are monthly means. The solid line is a
regression fit to single measurements made before and
after the atmosphere was perturbed by the eruption of
Mt. Pinatubo.

"6 1.0

.I

HN03 at Lauder

;_ Regnm_an Fit L

Uo.mVO,,- ,_

n,, 0.5 ................ _ ..... - .........................................

19119 1990 19111 1992 1993 111114 111116 19911
Yea"

Fig. 5. The ratio of the time series shown in Fig. 4.

HNO_ measurements are also made routinely at
Arrival Heights, Antarctica (78 S). Spectra are re-
corded at lower resolution (0.02 cm") than at Lander,

and are generally lower quality (Fig. 6). Nevertheless,
trials with the 1993 data show a fall to spring change
in profile shape roughly consistent with CLAES
measurements 0framer et eL, 1996) in 1992, in that
the relative decrease in HNO_ is greater above 20 kin
than below.



HNO3 Spectrum, Arrival Heights, 2 Oct 1993
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Fig 6. HNO) measurements made at Arrival Heights,

Antarctica.

4. Conclusions

In summary, a theoretical analysis of the altitude

sensitivity of FITR measurements of HCI and HNO3

shows that significant prof'de information exists in

both measurements, and that in the case of HCI the

range of sensitivity may be extended by use of multi-

ple spectral lines. Experiments with HCl retrievals
from Lauder data and HNO3 retrievals from Arrival

Heights have been performed. While the results are

generally as expected, there is an apparent anomaly in

the HCI profile which is unexplained. Preliminary

analysis of a five year time series of I-INO) data from
Lauder shows a behavior in adjacent 10 km layers

which is different in the 2 layers, yet repeatable from

year to year, and also a response to the Pinatubo aero-
sol consistent with priori understanding of that event.
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Abstract--We describe the updates to the spectroscopic parameters of ozone and its isotopes

in the 1996 HITRAN compilation. Recent published studies not included in HITRAN are

also summarized. Finally, we report the identification of infrared lines of the v3 bands

of 160160170 and 160170160 in high-resolution solar spectra recorded by stratospheric
balloon-borne and ground-based Fourier transform spectrometers. Published by Elsevier
Science Ltd.

1. INTRODUCTION

Spectroscopic parameters of ozone are required for virtually all remote-sensing applications
involving the chemistry of the troposphere and stratosphere. The vertical distribution of ozone
also influence the thermal structure of the atmosphere by absorbing and reemitting radiation
in the 8-12 lam window. Hence, the knowledge of the 03 vertical distribution is needed for
climate research, z-4 For these reasons, numerous experimental and theoretical investigations
have focused on improving our knowledge of infrared, microwave, and electronic ozone spectro-
scopy, s.6

The main purpose of this paper is to document the updates to the ozone spectroscopic parameters
in the 1996 HITRAN compilation. 7 A total of 30 bands have been added and nine bands have been
modified since the 1992 edition, s-t° extending the upper wave number limit of the compilation from
3400 to 4100 cm-l. The updates include lines of the z60160170 and trOt 70 trO isotopic species
which appear in the microwave and infrared sections of the compilation for the first time. However,
the new edition does not include the results of many recent studies, and in fact, presently, no

parameters are included for the near infrared, visible, and UV spectral regions. Therefore, as
a second part of the paper, we provide a brief overview of recent laboratory and modeling work on
ozone and its isotopes and highlight areas in need of further investigation. Finally, we present the
identification of lines of v3 bands of 160160170 and 160170140 in high-resolution infrared

ground-based and stratospheric solar absorption spectra.

*To whom all correspondence should be addressed.
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Increase in the vertical column abundance of HCFC-22 (CHCIF2)
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Abstract. Total column abundances of CHC1F2 (HCFC-22) have been retrieved from high-

resolution infrared solar absorption spectra recorded at the Network for the Detection of

Stratospheric Change (NDSC) station in Lauder, New Zealand (370 m altitude, 45.04°S latitude,

169.68°E longitude). The analysis, based on nonlinear least squares fittings to the unresolved

2v6 band Q branch of CH35C1F2 at 829.05 cm l, has been applied to a time series of 670 spectra

recorded on 394 days between May 1985 and November 1994. The measurements indicate

exponential and linear (referenced to the beginning of 1994) increase rates of (7.5__.0.3)% yr t

and (5.9±0.2)% yr t, lo, corresponding to a doubling of the total column abundance over the

9.5-year measurement period. Of the two models the exponential increase model yields a

slightly better fit to the data than the linear model. A HCFC-22 south/north hemispheric ratio of

0.83 +-. 0.04, lc, is derived by comparing the Lauder column measurements with column

measurements from the International Scientific Station of the Jungfraujoch (46.5°N, 8.0°E),

after correction for the altitude difference between the two sites. Using a second, independent

method in which the N20 column serves as a surrogate air mass, we have used the Lauder

measurements and similar measurements from Table Mountain (34.4°N) to calculate a

south/north ratio of 0.91 ± 0.10.

Introduction

The role of chlorinated fluorocarbons in the catalytic

destruction of stratospheric ozone [Molina and Rowland, 1974;

Stolarski and Cicerone, 1974] and greenhouse warming

[Ramanathan, 1975] has lead to a series of international

agreements [e.g., United Nations Environment Program ( UNEP),

1987] limiting their use. Hydrogenated chlorofluorocarbons

(HCFCs) are now widely used as replacements in industrial

applications. These substitutes are similar to the fully halogenated

fluorocarbons in physical and chemical properties, but they have

shorter lifetimes due to their reactivity with OH radicals in the

troposphere. The reduced radiative forcing and reduced potential
for stratospheric ozone destruction [Fisher et al., 1990a, b] have

made the HCFCs important replacements until suitable

nonchlorinated compounds become available.
The molecule HCFC-22 (CHCIF2) is widely employed as a

substitute for CFC-I 1 (CCI3F) and CFC-12 (CClzFz) [Alternative

Fluorocarbons Environmental Acceptability Study, (AFEAS),

1995]. Since 1980, atmospheric emissions of HCFC-22 have

increased at a rate of about 8.5% yr "t [NASA, 1994].

Approximately 3% of the tropospheric anthropogenic

organochlorine loading is contained in HCFC-22 [World
Meteorological Organization, (WMO) 1991, section 1.11].
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Absorption by HCFC-22 was first identified in the infrared by

Goldman et al. [1981]. In that work, the narrow, unresolved Q

branch of the 2v6 band was measured in stratospheric solar

occultation spectra recorded with a balloon-borne Fourier

transform spectrometer. That investigation was followed by a

series of ground-based, balloon-borne, and space-based IR studies

(see the summary by Zander et aL [1994]), including recent trend
studies based on total columns measured from the International

Scientific Station of the Jungfraujoch (ISSJ), Switzerland (altitude

3580 m, 46.5°N latitude, 8.0°E longitude), between June 1986 and

November 1992 [Zander et al., 1994], the National Solar

Observatory on Kitt Peak (altitude 2090 m, latitude 31.9°N,

longitude 111.6°W) near Tucson, Arizona, between December

1980 and April 1992 [Zander et al., 1994], and the Table

Mountain Facility (TMF), Wrightwood, California (34.4°N,

117.7°W) [Irion et al., 1994]. In situ measurements have also

been used to measure concentrations and the trend of HCFC-22.

The most recent set of surface level air-sampling measurements

of HCFC-22 were derived from analysis of flasks and archived air

samples from sites between 90°S and 82°N latitude [Montzka et

al., 1993]. The global trend between 1987 and 1992 was

calculated and the southern hemisphere linear trend in 1992 was

inferred from the measured interhemispheric difference in HCFC-

22 concentration. The interhemispheric HCFC-22 ratio has been

estimated recently from simultaneous total column HCFC-22 and

N20 measurements from IR spectra recorded in California and

Antarctica [lrion et al., 1994].

In this paper, we report the analysis of the first extensive time

series of HCFC-22 infrared spectroscopic measurements recorded

from the southern hemisphere. The observations were obtained

from the Network for the Detection of Stratospheric Change

(NDSC) station in Lauder, New Zealand (altitude 0.37 kin,

latitude 45*S, longitude 170*E). The Lauder station is located in

a small town (population -50) in a region of minimal industrial
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and best fit calculated spectra and presents molecular

identifications of the principal absorption features. Residuals

(measured minus calculated values) are shown in the top panel on 0"2

an expanded vertical scale. A total of seven parameters were _ [1
fitted: a single parameter to scale the initial vertical distribution __

of each of the four main absorbing molecules (HCFC-22, 03, _1_ 011CO z, and H20), a parameter to retrieve the shift between the
wavenumber scales of the measured and the synthetic spectra, and _1

parameters to model the level and slope of the 100% transmission 41
envelope• The residual spectrum shows the adequacy of the

present model in reproducing the measured absorption features to -0.3

the noise level of the data. The 0.5% residuals in the ozone

features are attributed to the shortcomings of the monthly mean

P-T profiles and the assumed ozone volume mixing ratio. As for

the sensitivity to the assumed P-T profiles, we estimate that U

uncertainty in the absorption due to interfering species introduces
a random error of 1% in HCFC-22 column retrievals.

A low-frequency channel spectrum has been identified in some

of the early spectra. For these cases, additional parameters were U

included in the analysis to model the relative amplitude, period, H

and phase of the channel spectrum. The introduction of these |
additional parameters allowed the channeling to be fitted to the

noise level, im

Table I summarizes the sources of errors and the '_ tli

corresponding uncertainties in the HCFC-22 total columns
attributed to the uncertainties in each component. Except for

spectra with channeling, the most important sources of random It
error are the finite signal-to-noise ratio of the data and errors in

fitting nearby interfering lines. The uncertainty in the

spectroscopic line parameters is the dominant source of systematic

error. We have retained the Zander line parameters for

comparison purposes, as noted earlier.

E--
_T
q,.__

Results

Monthly mean HCFC-22 total vertical column abundances

were calculated from the May 1985 to November 1994

measurements, and linear and exponential increases with time

Table 1. Error Sources and Uncertainties for a Single Spectrum

Io Uncertamty Percent of
Total Column

U I I I I I

• • 0000 O--

oo °°_°o
qb_ O _ In, _O 7. •

• -, No • ,2

i I ] I• I J I i L

I m m

I I l I

tO • Monthly meon

Exponentiol mode

........ Lineor model

U I _ I , I L I _ I

Dateof Observation

Figure 2. Bottom: Monthly mean Lauder HCFC-22 total columns
plotted versus time. Error bars show the standard deviations of the
measurements. The solid curve and dashed line show best fits to

the data assuming exponential and linear increases in the
HCFC-22 total column with time, respectively. Top: Total
column residuals (measured minus calculated values) plotted

versus time on an expanded vertical scale. Residuals obtained

assuming an exponential increase with time are shown. The units
for the HCFC-22 total columns are 10 j5 molecules cm 2 in both

panels.

HCFC-22 HCFC-22

(pre- 1990) (post- 1990)

Random Error Sources

Temperature-pressure profile 2
Finite signal to noise 5
Zero transmission offset 2

Interfering absorptions 3
Error in 100% transmoission level r 3

Variability in assumeA VMR profile <2
Root-sum-square total random error 7

Systematic Error Sources
Target molecule line parameters* 7
Biasa due to assumed VMR profile 2
Error in modeling instrument line shape 3
Algorithm uncertainty 2
Root-sum-square total systematic error g

I
3
I
2
I

<2
4

_Uncertainty is 5% for a spectrum with channeling.
:Value for the Line parameters uncertainty is from Zanderet al. [1994]•

were fitted to the data. These results are presented in Figure 2

with error bars representing the standard deviations of the

monthly means. The number of measurements per month ranged

from 6 to 30 for the post-1990 observations with approximately

one half of the measurements recorded during 1994. The solid

curve in Figure 2 shows the fit to the data derived with the

exponential increase model. This curve corresponds to a best fit

column increase rate of (7.5!-0.3)% yr -1, 1_, and May 1985 and

November 1994 total columns (in 10 _5 molecules cm 2) of 1.10

and 2.24, respectively. A slightly poorer fit to the measurements
is obtained with the linear increase model (dashed line), which

returned a best fit column increase rate of (5.9:t-0.2)% yr t, 1o', for

1994.0, and May 1985 and November 1994 total columns (in 10 _5

molecules cm z) of 1.02 and 2.18, respectively.

The Lander monthly average columns show no obvious

seasonal cycle, but shorter-term variations are noticeable in the

monthly averages from 1993 and 1994. No evidence for a
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activity,sothattheresultsshouldberepresentativeofbackground
conditions.ThemeasurementscovertheMay1985toNovember
1994timeperiodandareanalyzedheretoderivethelong-term
trendintheHCFC-22totalcolumn.Inaddition,thesouth-north
hemisphericHCFC-22ratioisderivedfromcomparisonsof the
LandersouthernhemisphereHCFC-22columnswiththealtitude-
correctedcolumnsfromtwonorthernhemispheresites.All
columnswerederivedusingthesamesetof spectroscopic
parameters[Zanderet aL, 1994; lrion et al., 1994]. This paper

and the Zander et al., [1994] paper used the same analysis

method, Spectrum FIT (SFIT), which is briefly described below

in the measurements and data analysis section. The Irion et al.

[ 1994] paper used the ATMOS software, described by Norton and

Rinsland [ 1991 ]. The present results are compared with recently

published measurements, trends, and determinations of the

interhemispheric HCFC-22 ratio.

Measurements and Data Analysis

The bulk of the 670 solar spectra analyzed for the HCFC-22

total column was recorded between October 1990 and November

1994 with a Bruker 120 M Fourier transform spectrometer

operating at unapodized resolutions of 0.0035 or 0.006 cm t, a

KCI beam splitter, and a liquid-nitrogen cooled HgCdTe detector.

The individual spectra (typical signal-to-noise ratio of 150) cover

the 750-950 cm l region (October 1990 to March 1993

measurements) or 750-1250 cm t (April 1993-November 1994

measurements) and have been used previously to derive total

column abundances of HNO 3 [Jones et al., 1994], COF2

[Reisinger et al., 1994], and CIONOz [Reisinger et al., 1995].
These measurements have been supplemented by earlier solar

spectra recorded at Lauder during campaigns in May 1985, June

1986, and February 1987 conducted in conjunction with the

University of Denver. The campaign measurements cover the 750-

1250 cm _ region and were recorded with a Bomem Fourier

translbrm spectrometer operating at a spectral resolution of 0.02

cm _ [Murcray et al., 1989]. The target HCFC-22 absorption

feature in both data sets is the narrow, unresolved CH35CIF2 2v6

band Q branch at 829.05 cm t. This feature is relatively weak, and

therefore only spectra recorded at astronomical zenith angles

above about 70 ° were analyzed in order to maximize the signal-

to-noise ratio in the CHCIFz Q branch feature. Only 15 suitable

spectra were available from the pre-1990 observations, whereas

up to 30 spectra were analyzed from favorable months of 1993

and 1994.

The CHCIF2 total columns were derived from nonlinear least

squares spectral fittings to the 828.7-831.0 cm t interval

containing the HCFC-22 Q branch and lines of H20, COy and 03.

The SFIT, PC-based line-by-line retrieval algorithm used in these

retrievals [cf. Rinsland et al., 1994] assumes an atmosphere

comprised of 29 homogeneous layers with vertical thicknesses of

I km in the troposphere increasing to 2 km in the stratosphere

and 5 to 10 km in the mesosphere. The pressure and temperature,

as a function of altitude, are inputs to a ray-tracing program

[Gallery. et al., 1983] to calculate the total air mass, mass-

weighted temperatures, and mass-weighted pressures for each

layer along the refracted ray path. For the purposes of this
calculation we used monthly mean tropospheric and stratospheric

pressure and temperature profiles, as measured by radiosondes

launched weekly at the site, in preference to the U.S. Standard

Atmosphere pressure-temperature (P-T) profiles. Sensitivity

studies indicate that the use of monthly mean P-T profiles

introduce a random error of the order of 1% (Table l) in the

retrieved HCFC-22 column.

The volume mixing ratio (VMR) versus altitude distribution

assumed for CHC1F2 is the "reference 1" profile of Zander et al.

[1994, Table 1]. This profile assumes the mean 1985

ATMOS/Spacelab 3 measurements above 12 km altitude [Zander

et al., 1987] and an extension with an almost constant VMR value

in the troposphere. The CHC1F2 total vertical column

corresponding to this distribution is 1.11 × 10 _5 molecules cm z.

The vertical profile distributions assumed for other molecules

have been taken from reference lists, e.g., Smith [1982].

Spectroscopic line parameters for CHC1F2 assumed in this work
are the same as those described by Zander et al. [1994]. Recently,

temperature- and pressure-dependent absorption cross sections
have been derived for the HCFC-22 829.05-cm -t Q branch

[Varanasi, 1992]. Zander et al. [1994] report excellent

compatibility between their line parameters and values derived

with the high-resolution absorption cross sections of Varanasi

[1992]. We have chosen to retain the previous set of

spectroscopic parameters in our analysis to maintain consistency

with the previously reported IR measurements. The spectroscopic

parameters for other gases were taken from a line list essentially

the same as the 1992 HITRAN compilation [Rothraan et al.,

1992].

Figure l shows a sample least squares fit derived from a 0.006

cm _ resolution spectrum. The bottom panel shows the measured
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Figure 1. Bottom: Typical post-1990 Lauder solar spectrum in
the HCFC-22 2V 6 band Q-branch region and the corresponding

least squares best fit to the data. The measurements were recorded
at a resolution of 0.006 cm _ and an astronomical zenith angle of

79.99 ° on July 13, 1994. The stronger absorption features are
identified beneath the measured spectrum. Top: Differences

(measured minus calculated) in percent on an expanded vertical

scale.
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Table2. ComparisonofMeasurementsoftheRecentHCFC-22Trend

Exponcntial Linear
Location Method Time Basc Trend, % yr"_ Trend, % yr.) Refcrenc_

Kin Peak IR solar 1980-1992 7.00x_.23 6.16i-0.20 (1989)

Jungfraujoch IR solar 1986-1992 6.99_-0.34 7.45±0.34 (1989)

Table Mountain IR solar 1985-1990 6.7±0.5 5.9x'-0.8 (1990)

Global Mean In situ 1987-1992 7.3-.t-0.3 5.8±1 (1992)

Lauder IR solar 1985-1994 7.5±0.3 5.9±0.2 (1994)

Zander et al. [1994]

_er et o2. [1994]

lrion et al. [1994]

Montzka et ol. [1993]

this study

seasonal cycle is apparent in the 1985-1988 surface measurements

from Cape Grim, Tasmania (41°S) [Montzka et al., 1993, Figure

3], the only previous long-term, southern hemisphere HCFC-22

data set, but published model-calculated total columns for the

southern hemisphere predict a ±3% seasonal variation with a peak

in August [lrion et al., 1994, Figure 3]. The same model predicts

no seasonal variation in the northern hemisphere [lrion et al.,

1994, Fiure. 3], consistent with the analysis by Zander et al.

[1994] of their 1986-1992 46.5°N latitude ISSJ total column

measurement data set.

In Table 2 the trend in the HCFC-22 total column deduced

from the Lauder spectra is compared with recent trend

measurements derived from infrared total columns [7_ander et al.,

1994; Irion et al., 1994] and surface level air-sampling

measurements [Montzlca et al., 1993]. The agreement between the

present results and these previous determinations is excellent.

The HCFC-22 interhemispheric ratio has been derived by two

methods. In the first method the infrared total column

measurements from Lauder are compared with similar

measurements from ISSJ [Zander et al., 1994]. Both studies (and

that of Irion et al.) were performed with identical sets of

spectroscopic line parameters. The ISSJ observatory is located at

46.5°N, thus we obtain an approximate 45°N-45°S

interhemispheric ratio, once altitude differences have been

applied. The relative difference in the HCFC-22 column above the

two stations was first calculated assuming the same vertical

distribution above both sites and a constant volume mixing ratio

between 0.37 and 3.58 km, the altitudes of Lauder and ISSJ,

respectively. This factor, 1.508, was used to scale the ISSJ total

columns derived for mid-year 1991 and 1992 [Zander et al.,

1994, Table 3] to correspond to values for the altitude of the

Lauder station. The scaled ISSJ columns and the corresponding

Lauder measurements are given in Table 3 along with the

Table 3. Comparison of Lauder and Scaled ISSJ HCFC-22
Vertical Total Column Measurements (in 10 's molecules cm -z)

Midyear Lauder Column' ISSJ Column* Ratio

1991.5 1.74 2.10 0.829

1992.5 1.87 2.23 0.839

1993.5 2.02 --

1994.5 2.17 --

'Derived from the exponential fit to the measurements.
*A factor of 1.508 has been applied to scale the published ISSJ

columns [Zander et al.. 1994] to the altitude of the Lauder station.

computed south/north column ratios. The mean of the two

determinations is 0.83. Similarly, Lauder columns were corrected

to Jungfraujoch altitudes and interhemispheric ratios recalculated.

The ratios agreed to within 2%, providing some confirmation of

uniform mixing of HCFC-22 in the lower troposphere, and the

long chemical lifetime of HCFC-22 in this region of the

atmosphere. Thus given the uncertainty in the determinations of

the columns at the two sites and the uncertainty in the assumed

vertical profile shapes, this result is estimated to be accurate to

better than 5%.

Spectra containing the vt+29 z band of N20 at 2440 cm" have

been recorded at Lauder since August 1993, permitting an

independent determination of the interhemispheric ratio.

Following the development of lrion et al. [1994] in which the

N20 column serves as a surrogate air mass, we have calculated

the HCFC-22/ NzO column ratio for 56 days in 1994 when

spectra in both wavenumber intervals were recorded. To calculate

an interhemispheric ratio for HCFC-22, the northern hemisphere

HCFC-22/NzO ratios derived by lrion et al. were extrapolated to

mid 1994, and assuming a negligible latitudinal or

interhemispheric gradient in N20 [Prinn et. at., 1991], this was

ratioed with the corresponding ratio from Lauder data. Using this

method we have calculated an interhemispheric ratio of 0.91 ±

0.10.

Our values of 0.83 ± 0.04 and 0.91 ± 0.10 may be compared

with the south/north hemispheric ratio of 0.88 ± 0.04, lff, derived

by lrion et al. [1994] from the results of surface-sampling
measurements between 82°N and 90*S latitude reported by

Montzka et al. [1993], and 0.86 ± 0.08 derived from total column

HCFC-22 and N20 measurements recorded in California and

Antarctica [Irion et al., 1994]. These measurements also show

that the largest gradient in the HCFC-22 instantaneous mixing

ratio occurs in the tropics and that the midlatitudes data are

characteristic of the latitude-weighted interhemispheric difference

(S.A. Montzka, personal communication, 1996). Therefore the

comparison between the two results is appropriate. All

measurements agree within the respective uncertainties.

Conclusions

In this paper we have reported HCFC-22 total columns derived

from the analysis of 670 high-resolution infrared solar absorption

spectra recorded on 394 days between May 1985 and November
1994 at the NDSC station in Lauder, New Zealand. The results

show a steady, factor of 2.0 increase in the total column over the

9.5-year span of the measurements. The exponential and linear
increase rates and lff uncertainties of (7.5 ± 0.3)% yrt and (5.9

± 0.2)% yr" at 1994.0 derived, respectively, from the
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measurements are in excellent agreement with previous

determinations of the trend through 1992 [Zander et al., 1994;

Montzka et al., 1993] and indicate that rapid accumulation of

HCFC-22 in the atmosphere continued during 1993 and 1994.

Comparisons of total columns measured at the Lauder station with

corresponding values measured at ISSJ [Zander et al., 1994]

indicate an instantaneous south/north hemispheric ratio of 0.83 ±

0.04. An independent calculation, based on the ratio of HCFC-22

and N20 columns gives an interhemispheric ratio of 0.91 4- 0.10

for HCFC-22. These results are in agreement within the

uncertainties with previous determinations based on surface air

sampling [Montzka et al., 1993] and infrared total column [Irion

et al., 1994] measurements.
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University of Denver infrared spectral atlases

A. Goldman, R. D. Blatherwick, F. J. Murcray, and D. G. Murcray
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Atmospheric and laboratory atlases ofhigh-resolution infrared absorption spectra have_een generated
from data obtained with the University of Denver Michelson-type interferometer balloon-borne
spectrometer systems. The main objectives of the atlas work have beem the.2dentification and the
detailed analysis of stratospheric infrared high-resolution spectral features. The stratospheric atlases
covermany spectral intervals and provide tables ofline positions and_pecies identifications. High Sun
spectra are used for identification of solar lines. Latest editions of these atlases include selected
sections in the 760-1950- and 800-1700-cm -1 regions at 0.02- and 0.002-cm-1 resolutions, respectively.
In addition to the stratospheric atlases, ground-based and laboratory spectral atlases have also been
produced. The laboratory spectra of many molecules relevant to stratospheric chemistry, have been
obtained. A number of ongoing spectroscopic studies have been developed on the basis of the atlas
work, including studies of solar and atmospheric spectral features. _ 1996 Optical Societyof America

1. Introduction

The spectral atlas project at the University of Den-
ver DU_ has been dedicated to the identification of

stratospheric IR spectral features present in high-
resolution solar spectra and to the spectroscopic
analysis of specific stratospheric molecules such as
03, IfINQ, C1ONQ, COF2, NQ, Q, C2H6, and others.
The more recent of these studies have been based on
balloon-borne solar absorption spectra at 0.002-cm -1
resolution and corresponding laboratory spectra.

The atlases produced by this work ser_'e as state-of-
the-art catalogs of atmospheric absorption features
for use by researchers in identifying features in their
own data. The line parameters generated from the
spectroscopic analysis are essential to the quantifica-
tion of molecular species from IR spectra. These
line parameters have, in most cases, been added to
the HITRAN ihigh-resolution transmission molecu-
lar absorptioni and other databases used by atmo-
spheric spectroscopists.

Initially, solar spectra for the atlas project were
collected from Denver (elevation 1.6 km and the
nearby Mt. Evans lelevation 4.3 krn! by the use of a
0.06-cm -_ resolution iapodized)interferometer sys-
tem. From these data, the 775-1300- and 1925-

The authors are with the Department of Physics. University of
Denver. Denver, Colorado 80208.

Received 10July 1995:revised manuscript received 14Novem-
ber 1995

0003-6935 96 162821-07510.00 0
1996Optical Societyof._nerica

2175-cm -1 regions of the atlas have been completed
and published in two volumes}

A short summary of the atlas work is given in
Table 1. In 1978, the atmospheric spectroscopy
g'roup at DU started obtaining IR spectra with a
0.02-cm -1 resolution !apodized; interferometer sys-
tem. A large number of high-quality spectra have
been obtained, including laboratory spectra, ground-
based solar spectra, and aircraft-borne and balloon-
borne solar spectra. The spectra were obtained in
selected intervals in the 550-2300-cm -1 region.
Many of the laboratory spectra at 0.06- and 0.02-
cm -{ resolutions have been published as a CRC
handbook}

Numerous excellent 0.02-cm -1 resolution spectra
were also obtained from the South Pole, which is a

unique site for IR observations, in December 1978
and December 1980. Thus work was also started on
the Atlas of South Pole IR Solar Spectra. 3 The first
edition of the South Pole Atlas, including the 760-
960-cm -1 region, was published in March 1982. In
the next large-format edition the 1220-1340-cm -_
region was added, a

The first large-format edition of the stratospheric
atlas, at 0.02-cm -_ resolution, was published in
February 1982. _ Several updated editions have
since been issued, the most recent of which is the

September 1987 edition, a This atlas now covers the
entire spectral region from 760 to 1950 cm-1, except
for the 960-1060-cm-I interval. The total number

of spectral features identified as being genuine _tellu-
tic or solari exceeded 14.000. In parallel with the
atmospheric spectra work, the laboratory spectra '_

1June 1996 Vol.35. No. 16 APPLIEDOPTICS 2821



Table t. OUSpectralAtlases

Atlas Descripti;_n Special Spec'_rosc_pic Interest

June 1950

Atmosp_,erlc

December 1953

Atmospheric

September 1957

Atmospheric

October 1994

Atmospheric

April 1984 Lab

1995 Lab

Ground-based. Denver and .Nlt Evans

006-cm :resolution

0.006-cm 1 accuracy

775-1300, 1925-2175 cm l

South Pole

O.02-cm _ resolution

0.002 cm _ accuracy

760-960. 1220-1340 cm

Balloon-borne

0.02-cm 1 resolution

0.002-em- 1 accuracy

760-1950 cm -_ except 960-1060

Balloon-borne

0.002-cm _ resolution

0.0002-cm -1 accuracy

800-810. 934-960, 990-1002, 1220-1230, 1240-1260,

1540-1610, 1680-1690 cm l

Single cell

Low pressure, room temperature

0.02-cm- 1 resolution

0.002-cm- 1 accuracy

760-2000 cm -1

Single cell

Low pressure, room temperature
0.002-cm- _ resolution

0.0002-cm- 1 accuracy

760-3100 cm -1

Stratospheric HNO_

Tropospheric NHs

Solar emission

Stratospheric HNO:_

Solar OH

Solar emission

Stratospheric CF4, O2, HNOa, CIONO2

Solar emission

Stratospheric COF2, 0.2, 03 + isotopes, HNO3

Over 30 molecules

Over 15 molecules

were used not only to support the identification and
the quantification of measured atmospheric features
but also for molecular spectroscopy analysis. Nu-
merous scientific publications resulting from the
atlas work are listed in that report. 4

In 1986 our atmospheric spectroscopy group at DU

began using a new Bomem interferometer system
with a total path difference of 250 cm and an

unapodized FWHM resolution of 0.002 cm-L The
system was modified for balloon-borne measure-
ments of IR solar spectra and has also been used to
obtain numerous ground-based solar spectra and
laboratory spectra. The 0.002-cm -_ resolution ex-
ceeds both the previous DU and the atmospheric
trace molecule spectroscopy ATMOS)resolutions,
and thus the DU balloon-borne spectra obtained
since 1986 have revealed many new atmospheric

features especially those stratospheric features that
are blended at lower resolution! and have become an
invaluable source for extending the atlases' work

and probing the atmospheric trace gases.
Results obtained from the high-resolution atlas

studies are presented in the preliminary November
1989 and April 1990 editions of the Atlas of Ve_'
High Resolution Stratospheric IR Absorption Spec-
tra and the subsequent December 1990, April 1992,
April 1993, and October 1994 editions. 6 The spec-
tra are now displayed in frames of 2-cm -1 intervals,
which are needed to show the fine details of the

spectra. The tabulated line positions were deter-
mined with the same line-marking computer pro-

gram employed in our previous atlases. For well-

2822 APPLIED OPTICS Vol. 35, No. 16 1 June 1996

resolved lines, line positions given here have an
estimated accuracy of +_0.0002 cm -_ with reference
to standard calibration lines of CO2 and N20. 7s

In the April 1993 edition, we added the 1540-1560-
cm -1 region, thus bringing the total number of

spectral features identified as being genuine to over
3300. Data for this new addition were recorded

during a balloon flight from Palestine, Texas, on 17
June 1991. with the exception of the top displayed

scan _high Sun scan!, which is from a flight conducted
from Ft. Sumner, New Mexico, on 19 April 1989.
In the October 1994 edition, we added the 1560-1610-

cm -_ region, thus bringing the total number of

spectral features identified as being genuine to over
3500. Numerous publications describing findings
from the 0.002-cm-_ atlas work are listed in the atlas

reportsfi
Since 1990, our atmospheric spectroscopy group at

DU has acquired improved Bomem and Bruker
0.002-cm -_ interferometers. These have been em-

ployed for the NASA NDSC Network for the Detec-
tion of Stratospheric Changei and other field measure-
ments programs. Data from these systems have
been available for studies that are complementary to

the atlas work.
Our ongoing laboratory spectra measurements

have produced a large number of 0.002-cm-_ resolu-
tion spectra in selected spectral regions from 750 to
3000 cm-L These include CC14, CC12F2, C2Hs, CF4,

CHCla, CH20, CHaC1, H202, HCOOH, HNO3, NO2,
C1ONO2, COF2, and COC12, which are being pre-

pared for an extended laboratory atlas. ° These



spectraareusedforthe identificationandthequan-
tificationof atmosphericspectralfeaturesbyeither
completespectroscopicquantum-mechanicalanaly-
sisorsemiempiricalmethods. Severalspectralre-
gions,which include previouslyunidentifiedfea-
tures of C1ONQ, HNQ, COF2,and more, are
currently underanalysisandwill beaddedto the
atlasin thenearfuture.

Duringthe atlaswork,a numberof atmospheric
andsolarfeatureswereidentified,includingthefirst
spectralidentificationofstratosphericC1ONO2,CF4,
CHC1F21F-22!,C2H6,C2H2,HCOOH,andsolarOH.
Stratosphericmixing-ratioprofileswereretrieved
for mostof themoleculesof atmosphericchemistry
interest. Below,however,wepresentinsomedetail
severaloftheresearchtopicsofcurrentinterestthat
originatedonthebasisoftheatlaswork: O2forbid-
denlinesin (0-11X3_g-, HNO3hotbands,OHpure
rotationlines,andsolaremissionIRlines.

2. 02 Forbidden Lines in t0--1) X3t:;

The first identification and the initial line-parameter
calculations of the electric-quadrupole, eqi _0-11 vibra-

• " 3_: made on thetion-rotation O_ hnes m X ._ were
basis of a peculiar unidentified triplet near 1603.8

cm-1 in DU balloon-borne 0.02-cm-1 resolution spec-
tra. 1°-12 These O2 transitions were soon confirmed
in laboratory spectra. _3 In an unrelated study, eq

3"T I lX:lines in the red systemX ,_i0: _ b ,,:1:0: near 13,200
• . 4_

1 14cm- were observed m the Kitt Peak solar spectrum.
The original 02 triplet also appears in the DU
0.02-cm -1 atlas of September 1987. 4 Fig. 1 shows
the 1602-1604-cm -t frame in the DU 0.002-cm -1
atlas of October 1994. °

An intensive search for the (0-11 magnetic-dipole
_md, lines resulted in the first positive identification
and line-parameter calculations on the basis of both
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Fig. 1. The 1602-1604-cm _ frame of the DU 0.002-cm _ resolu-

tion stratospheric atlas. _ which shows the 0,_ eq triplet near

1603.8 cm _1

ATMOS and DU solar absorption spectra, is For
both eq and md transitions, the intensity calcula-
tions were done _s,_ from Hund's case !b), and a single
md moment was used with the energy eigenvectors
for the md lines. Subsequent line-intensity calcula-
tions of the eq lines in intermediate coupling starting
from Hund's case ¢a) and including vibration-
rotation effects on the line intensities showed only

minor improvements for a few lines compared with
the initial eq intensity calculations in Hund's case
bL16.17

Improved energy level constants _s prompted a new
calculation of the line parameters. _9 These results
provided improved agreement with DU high-resolu-
tion (0.002-cm -_) stratospheric spectra up to all the
high J values observed. However, an ongoing line-
intensity problem, which was mostly due to the (0--1)
md lines, persisted. The comparisons of synthetic
spectra with the observed spectra show excessive
calculated intensity in the QP and QR lines and
missing intensity in the QQ lines.

The DU 0.002-cm- _ resolution October 1994 atlas _

shows a number of frames with 02 eq and md lines
among the other species. The complete identifica-
tion list is in the Tables volume of the atlas. Figure
2 shows the 1552-1553-cm -_ section from the atlas,

along with a theoretical simulation of the atmo-
spheric components, including the eq and md O_
lines• It demonstrates how the QR and the QP md
lines are overcalculated. Additional quantitative
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Fig 2. The 1552-1553-cm -_ section from the DC 0.002-cm -_

resolution stratospheric atlas 6 and a simulation of absorption by

the individual atmospheric molecular species.
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spectral fits of the simulations to the obseraed
spectra show how the Oc md QQ lines are undercalcu-
lated.

More recently, intermediate coupling intensity cal-
culations starting from Hund's case ,a! were per-
formed for the md lines with both parallel and

perpendicular dipole moments. 2°21 These calcula-
tions show significant intensity variation as a func-
tion of the ratio of the parallel and the perpendicular

components and that an optimal ratio of approxi-
mately -0.1 improves the agreement with the ob-
served spectra. Figure 3 shows such typical com-

parisons.
It is also anticipated that the corresponding elec-

tric-dipole 16OlsO lines will be observable in the
atmospheric spectra. Line parameters have been
generated on the basis of published 1602 constants
and theoretical isotopic ratios, and a search for these

lines is being conducted.

3. HNOsHot Bands

The stratospheric and laboratory atlases' work has
contributed significantly to the study of the HNO3
bands. The earlier studies are too numerous to be

discussed here. Of particular current interest are
the recent and the ongoing studies of the hot bands
and of the line and band intensities.

In the 25-1_m HNOa region dominated by v9', the
HITRA-N 1992 compilation provides line parameters

only for the _'9 band.22 The v9 line positions are
based on the analysis of high-resolution laborato_'
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Fig. 3. The 1552.2-1552.95-cm -_ section from the 94.04 ° zenith

angle scan from the 6.17.91 DU 0.002-cm -1 resolution balloon

flight and a simulation of the absorptions by the use of the old and

the updated line intensities for 02 md lines. The difference plot

in the lower frame is for the case of the new md lines.

spectra.: and the total band intensity is derived
from previous low-resolution broadband measure-
ments. :4 Recent extensive studies of this reDon at

high resolution led to a revised consistent identifica-
tion of the hot bands in this re,on, and line param-
eters for several of these bands are being generated. 2_

New quantitative tunable diode laser measurements
of individual intensities of ,'9 lines and a correspond-

ing total band intensity are in progress, ca
The new hot-band work in the 1,9 region also

provided interesting new results for the ll-pm re-
gion dominated by _'5 and 2r9!. We have been
aware, since 1971, of a weak band in the HNOa

spectra near 830 cm -1. With the recent work, it
became possible to assign this absorption to the
3v9 - _'9 Q-branch and provide quantitative analysis
of both laboratory and atmospheric spectra, e: The

high-resolution laboratoD' spectra of this region
clearly show torsional splitting in the va = 3 level.

Quantitative analysis of atmospheric spectra of
HNOa is mostly performed from selected manifolds
from the t'5, 2v9 region. The line parameters of
these two bands have been improved significantly. 2s

Thev show very good agreement with both labora-
toryand atmospheric spectra and are included in the
HITRA-N 1995 compilation. However, the analysis
of the hot-band transitions in this region is still

incomplete.
HITRAN '92 lists two hot bands 29 at 877 and at

885 cm -], which are assigned as _',_ + v9 - l'9 and
3v9 - ,9, respectively. The first one is incorrect and
has been eliminated from the line data. The second

band is clearly seen in our laboratory and strato-

spheric spectra as a sharp Q-branch centered at
885.425 cm-_. The recent _'9 hot-band work allows
us to assign it to v5 + v9 - _'9 and provides initial line

parameters for quantitative simulations. This work
is in progress. Individual transitions from the ,5 -
_'9 - 1,9are not assigned yet, and additional studies
are required. Figures 4 and 5 show recent DU
0.002-cm -_ balloon-borne data with the "5 - v9 - _'9
analysis. For atmospheric applications, it is fortu-
nate" that most of the absorption by this band is
concentrated in the narrow Q-branch region, with

only weak absorption outside. However, the spectro-
scopic analysis of the Q-branch is difficult :because of
a lack of fine structure! and is still incomplete•

Several recent and ongoing studies have been
dedicated to a more accurate and consistent determi-
nation of the absolute intensity for the HNOa bands

in the v2, _'a v4, and vs, 2v9 regions. The work is not

complete, and the standing recommendation is to
normalize to previous results a° with the proper hot-
band correction.

Further improvements are expected from inten-

sity measurements of individual lines in this region,
which is in progress.

4. OH Pure Rotation Lines

The first identification of the pure rotation solar OH
lines was made from several sets of line quadruplets

2824 APPLIED OPTICS Vol. 35, No. 16 1 June 1996
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Fig. 4. Spectral least-squares fitting to balloon-borne solar spec-

tra obtained during a DE balloon flight of 6 June 1988. with the

recent HNO:_ line parameters in the 885-cm-1 re,on. Only the

main bands, t,_ and 2u9, are included.

in the 830-930-cm-1 region, which were observed in

high Sun solar spectra obtained during the DU
March 1981 balloon flight. The lines were assigned
as X2[I0-0 and il-1, OH transitions, at Subse-
quently, more Av = 0 lines with v = 1.2 were identi-
fied in the DU March 1981 flight and the DU South
Pole atlas, a° Figure 6 shows the 920-930-cm-t inter-
val from the DU September 1987 0.02-cm _ strato-
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Fig. 5. Spectral least.squares fitting to balloon-borne solar spec-
tra obtained during a DU balloon flight of 6 June 1988. with the

recent HNO:_ line parameters in the 885-cm _ re,on. Both the

main HNO_ bands v_. 2r., and the hot band t,_ - v÷ - __ prelimi-

nan. calculation are included.

spheric atlas. _ The emphasis is on the spectral
features of stratospheric species in this region, which
are mostly due to CF_CI., (CFC-121 and HNOa.
These spectral features are resolved to numerous
components at higher resolution, and the detailed
identifications are not yet completed for the 0.002-
cm-1 resolution stratospheric atlas.

Additional observations and studies of OH and O
in the solar photosphere followed, on the basis of the
DU spectra ae and of the Kitt Peak spectra, aa The
latter provided Au = 0 lines up to v = 3. Further
extension of the identification of the solar pure
rotation OH lines were accomplished from the
ATMOS solar spectra, with lines up to t4-4 .a_

Line parameters for the pure rotation OH lines
were generated since their first identification, with
the available state-of-the-art spectroscopic constants
and assuming a fixed dipole moment function of
1.667D.a s Improved absolute intensity by wave-
function calculations and an experimental electric-
dipole function as led to a recent update of the line
intensitiesS but with the old line-position calcula-
tions. 35

The solar OH pure rotation lines observed in the
ATMOS spectra and the recently observed lines in
ground-based 360-570 -cm-_ spectra from the Jung-
fraujoch as were combined with other published OH
data sets to generate a new set of molecular con-
stants79 These latest intensity calculations av and
molecular constants 39will next be combined to gener-
ate a revised line-parameter set.

It is interesting to note that the pure rotation OH
lines were also observed in stellar spectra obtained
from Kitt Peak: ° In the same spectra, the 12-1am

Mg [ solar emission lines were also observed (see
Section 5 below;. More recently, the pure rotation
OH lines were observed in the emission spectra of
the Earth's nighttime air glow layer at _ 100 km: t
..X:'= 0 lines from v = 0, 1, 2, 3 were observed in these

spectra and used to derive column densities. _

5. Solar Emission IR Lines
The 12-1am solar emission lines were initially ob-
served in DU 1976 ground-based solar spectra at
811.575 and 818.058 cm -t as two suspicious fea-
tures, which were deleted in the DU June 1980
atlas. _ This can be seen in the 800-825-cm -t frame
of the atlas. The features were confirmed by contin-
ued investigation of ground-based, aircraft, and bal-
loon-borne spectra obtained with different interfer-
ometers and displayed simultaneously :_ Unknown
to the authors, the same features were also observed,

but not reported, in the Kitt Peak spectra.
Subsequently these features were identified as

high l Rydberg transitions ofMg I. 4a Additional Mg
and A1 _ lines were identified: a and the emission

lines were found to exhibit Zeeman splitting. 4a'_4
More recently, a number of investigators have worked
with both the Kitt Peak and the ATMOS solar

spectra on the modeling of line formation in both the
quiet Sun and the sunspot penumb ra:s-_r These
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studies provide important results on the solar mag-
netic fields. As mentioned above, Mg I emission
lines were also observed in stellar spectra, 4° albeit as

absorption lines.

6. Summary

Since 1978, the DU atmospheric spectroscopy group
has published several spectral atlases of atmo-
spheric IR spectra obtained from ground-based and
balloon-borne platforms as well as from laboratoo"
data.

The spectra in these atlases have provided the first
spectroscopic identification and quantification of a
number of stratospheric molecular species and have
been the basis for the generation of many sets of new

spectroscopic line parameters.

The atlas work at DU has been supported by the
National Science Foundation, Atmospheric Chemis-

try Division• Acknowledgment is made to the Na-
tional Center for Atmospheric Research, which is

supported by the National Science Foundation, for
computer time used in this research.
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Abstract. Ozone total columns have been derived from 13 spec-

tral intervals in 5 infrared bands and compared with values

deduced from correlative measurements with a Dobson

spectrophotometer. The observations were recorded on 10 days
in 1994 at the Network for the Detection of Stratospheric Change

station in Lauder, New Zealand. The infrared total columns were

derived from spectral fittings of unblended, temperature-

insensitive ozone lines in high resolution solar absorption spectra.

The line parameters on the 1992 HITRAN compilation were

assumed with the O 3 and H20 relative volume mixing ratio and

temperature profiles specified from correlative balloon

ozonesonde, microwave O 3, and radiosonde measurements. The

retrieved IR/Dobson total column ratios ranged from 0.96 to 1.02
with the lower wavenumber bands yielding lower ratios. The

results do not support the revised 03 intensity scale currently

used to process O 3 infrared measurements from 2 instruments on

the Upper Atmosphere Research Satellite.

Introduction
Accurate measurement of the total vertical column of ozone

and its variation with time are crucial experimental problems in

environmental science. For several reasons, ground-based

infrared solar absorption spectroscopy is an attractive option

among the methods in use for measuring O 3. First, high spectral
resolution (<0.005 cm "t) is obtainable with modem, commerical

Fourier transform spectrometers. Measurements at high

resolution make it possible to select unsaturated, temperature-

insensitive ozone features with minimal overlap by interfering

lines. Suitable transitions are available between 2.3 and 13/,tm.

Second, extensive laboratory work on ozone in the infrared has

been performed during the last several years. These studies have

resulted in improved positions, intensities, air-broadening
coefficients, and their temperature dependences [Flaud et al.,

1992]. Finally, solar absorption spectroscopy avoids the need for

radiance calibration since the analysis is performed by fitting the

measured spectral features with respect to the local 100%

transmittance level. This level is accurately retrieved as part of

the spectral fitting procedure. Therefore, biases produced by

changes in instrument calibration are avoided.
IR absorption spectroscopy is however affected by uncertain-

ties of several percent in the absolute 03 line intensities on the
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1992 HITRAN compilation [Rothman et al., 1992]. In an attempt

to improve the accuracy, Pickett et al. [1992] derived absolute
intensities for 49 lines in the 9.6 #m v 3 band based on

simultaneous 0 3 absorption measurements in the IR and at
253.7 nm, where the absolute cross section is known to 1%. A

multiplicative factor of 1.051 for the v 3 intensities on the 1992

HITRAN compilation [Rothman et al., 1992] was derived, and

has been applied in the analysis of the 9.6/zm 03 measurements

recorded by the Halogen Occultation Experiment (HALOE)

[Bruhl et al., 1996] and the Improved Stratospheric and

Mesospheric Sounder (ISAMS) [Connor et al., 1996] instruments

on the Upper Atmosphere Research Satellite (UARS). The 1992

H1TRAN parameters are assumed in the analysis for 03 from the

14/_m UARS CLAES (Cryogenic Limb Etalon Spectrometer)

instrument measurements [Bailey et aL, 1996].

Additional problems with the infrared approach are the effects

of uncertainties in the instrument line shape, the assumed vertical

volume mixing ratio distributions of the target and interfering

molecules, and the temperature profile [Zander et al., 1994]. The

source of line shape problem appears to be optical misalignments

in the instrument which cause the actual line shape to differ from

the theoretical one calculated on the basis of the internal field of

view, the applied apodization function, and the maximum optical

path difference. Sensitivity studies have shown that biases of up

to several percent in retrieved total columns can result if these

effects are not modeled [Zander et al., 1994].

Recently, David et al. [ 1993] compared infrared total columns

measured at Mauna Loa, Hawaii, with correlative Dobson

spectrophotometer measurements. Based on 2 windows about
0.5 cm "1 wide centered near 1146 and 1163 cm l, the 1992

HITRAN compilation spectral parameters [Rothman et al., 1992],

and an initial 0 3 profile based on seasonally averaged measure-
ments, the authors deduced IR total columns on average 1.046

times lower than the Dobson values. Assuming the Pickett et al.

[1992] scaling of the 1992 HITRAN intensities [Rothman et al.,

1992], the average difference increased to 9.9% with the IR

columns remaining systematically lower.

The Dobson/IR discrepancy noted above highlights the need

for further investigations to ascertain the quality of ozone total

columns derived from high resolution IR techniques. We report

here comparisons between ozone total columns deduced from

13 spectral intervals covering 5 infrared bands and correlative

Dobson total columns. The measurements were recorded on

10 days at the Network for the Detection of Stratospheric Change

(NDSC) [Kurylo, 1991] station in Lander, New Zealand (45.04"S,

169.68°E, 0.37 km a.s.l.). The sample is large enough to

determine a statistically meaningful mean IR/Dobson column

ratio and root-mean-square deviation of this ratio for each

spectral interval. Correlative profile measurements of ozone,
temperature, and water vapor have been assumed to minimize

errors arising from uncertainties in these parameters.

1025
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Measurements

The infrared solar spectra were recorded on 10 days between

February 14, 1994, and October 21, 1994, with a Bruker 120 M

Fourier transform spectrometer operating at unapodized

resolutions between 0.0035 and 0.006 cm "t (defined as 0.9

divided by the maximum optical path difference), a KCI

beamsplitter, and a liquid-nitrogen-cooled HgCdTe or InSb detec-
tor. The 120 individual spectra were recorded with bandpasses of

750 to 1250 cm 1, 1880 to 2200 cm 1, or 2400 to 3200 cm q.

Between 1 and 10 interferograms were coadded and transformed

to derive each spectrum. Measurements between 750 and
1240 cm "1 were recorded with the HgCdTe detector and have

a typical signal-to-RMS noise ratio of 200. Spectra in the 1880-

to 3200-crn "1 region used the lnSb detector, which produced

a higher signal-to-RMS noise ratio, typically 700. The

measurements included in our analysis were restricted to solar

zenith angles less than 80*. A typical measurement was recorded

in 5 minutes during which time the airmass changed by 1.5%.

Error in the airmass was reduced to less than I% by calculating

an effective solar zenith angle from the average of the angles

corresponding to the zero path difference crossing times.

Dobson spectrophotometers [Dobson, 1957] measure total

column ozone based on differential solar ultraviolet light absorp-

tion in the Huggins band (300-350 nm). Precisions and

accuracies of the technique are estimated as 0.3% and 3.0%,

respectively [Margitan et al., 1995]. The present results were

derived assuming new, standard, effective ozone absorption coef-

ficients [Komhyr et al., 1993] based on laboratory measurements

[Bass and Paur, 1985]. The new absorption coefficients yield 0 3

total columns 2.6% lower than values obtained during July 1,

1957, to December 31, 1991, from an earlier set of ozone

absorption coefficients (see Komhyr et al. [1993] for a

discussion).

Assumptions and Analysis Method

The infrared total columns have been retrieved with the SFIT

nonlinear least-squares spectral fitting program developed for

analysis of ground-based infrared solar spectra recorded with

Fourier transform spectrometers [cf., Rinsland et al., 1984]. The

IR AND DOBSON OZONE COLUMNS

current version of the program can derive the total columns of up

to 5 molecules from a spectral interval by multiplicative scalings

of initial volume mixing ratio (VMR) profiles of the target

molecules and fittings of instrument performance related

parameters. The total column of each molecule is obtained by

multiplying the initial vertical column amount by the scale factor.

The spectral intervals and the molecules fitted in each are given

in Table l. The intervals contain ozone lines having intensities

with minimal sensitivity to temperature errors and minimal

blending with telluric and solar features.

The values of 4 instrument-related parameters were obtained

from each spectral fit: one parameter accounts for the wavenum-

ber shift between the measured and calculated spectra, two others

determine the level and tilt of the 100% transmission curve as a

function of wavenumber, and the fourth determines the coeffi-

cient of a straight-line effective apodization function [Park,

1983]. The last parameter is important because it allows the cal-

culated instrument function to be adjusted to agree with the shape

indicated by the measured spectral lines. Fits yielding effective

apodization coefficients significantly different from the nominal

value of 1.0 were discarded to eliminate measurements recorded

when the instrument was misaligned. We adopted a 29-layer

atmospheric model with vertical layer thicknesses of ~ ! km in the

troposphere, 2 km in the lower and middle stratosphere, and 5 to

10 km in the 35- to 100-kin region. Recently, total columns

retrieved with SF1T and other independently-developed

algorithms have been compared for a prespecified set of spectra

and adjustable parameters [Zander et al., 1994].

The initial 03 VMR profile is based on same day
measurements from Lauder. From the surface to 20 km we

assumed the profile measured by a electrochemical concentration

cell (ECC) ozonesonde launched between 9 and 10h local time.

Between 20 and 24 km, cubic spline interpolation was used to

smoothly connect the balloon ozonesonde profile to the profile

measured by a microwave radiometer operating at 110.8 GHz. In

all cases, the change in O 3 VMR between 20 and 24 km was

reasonably linear, and the error introduced by the interpolation

procedure is believed to be <1% in the total column. The

microwave measurements were assumed between 24 and 65 km.

At higher altitudes, where the microwave instrument lacks

Table 1. Spectral Intervals and Comparisons of IR and Dobson Total Columns

Interval (cm l) Main 03 Band Mean

Columns Ratio*

St.Dev. ¢ Interferences

764.03-764.43 v 2 0.962 0.040

773.20-773.38 v 2 0.974 0.042

781.08-781.25 v 2 0.967 0.032

1127.60-1129.50 v I 0.982 0.032

1146.55-1147.40 v t 0.986 0.032

1162.85-1163.50 v t 0.983 0.036

I 167.50-- I 167.75 v t 0.979 0.035

2083.50-2084.72 vl + v3 0.969 0.040

2754.55-2755.45 v t + v2 + va 0.964 0.031

2778.90-2779.20 vl + v2 + v 3 0.983 0.040

2781.60-2781.86 vl + v2 + v3 1.001 0.032

2792.65-2793.28 vt + v2 + v 3 1.018 0.028

3040.00-3040.90 3v 3 1.013 0.027

CO 2

HDO, CH 4

N20 , H20, HDO

N20, H20. HDO

H20. CO 2

HDO, CH 4, solar

HDO

N20 . HDO, solar

H20, CH 4

*Ratio of measured IR total column to the Dobson total column measured on the .same day.
_:Standard Deviation.
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seqsitivity,cubicsplineinterpolationwasusedto smoothly
connectthemicrowaveprofileto the1976U.S.Standard
Atmosphereozoneprofile[Kruegerand Minzner, 1976]. A

description of the EEC ozonesonde sensor and estimates of the

accuracy and precision of the measurements are given by Komhyr

et al. [1995] and Barnes et aL [19851. At present, no papers

describing the Lauder O 3 microwave measurements have been

published. However, this same instrument was used to derive 03

profiles at Table Mountain, California, during the 1989

Stratospheric Ozone lntercomparison Campaign (STOIC). The

precisions, accuracies, and vertical resolutions of the STOIC

microwave measurements are 4%, 7%, and 10 km at 55 mbar

(-20 km); 5%, 8%, and 10 km at 3 mbar (-40 km); and 6%, 10%,

and 17 km at 0.2 mbar (-60 km), respectively [Connor et al.,

1995].

The vertical temperature profiles assumed in the IR analysis

are also based on a combination of same day measurements and

climatology. From the surface to 22 km, we adopted measure-

ments from a meteorological radiosonde flown with the EEC

ozonesonde. A spline interpolation procedure was used to

smoothly connect this profile with National Meteorological

Center temperatures and pressures, which were assumed between

30 and 50 km. Between 50 and 65 km we adopted temperature,

density, and pressure profiles from the MAP (Middle Atmosphere

Program) Handbook 16 zonal average tabulations [Barnett and

Corney, 1985], followed by the 1976 U.S. Standard Atmosphere

values from 65 to 100 kin. The radiosonde temperatures are

estimated to have uncertainties of ~1 K.

The initial H20 VMR profile for each day is also a combina-
tion of values from the Lauder daily sounding and climatology.

The radiosonde measurements were combined with the 1976 U.S.

Standard Atmosphere H20 profile by assuming the balloon data

to an altitude of 20 kin, a linear change in the H20 VMR between

altitudes of 20 and 34 kin, and the 1976 U.S. Standard

Atmosphere H20 profile above 34 km. Initial profiles for the

other absorbing molecules are from a variety of sources. Care has

been taken to verify the assumed profiles are realistic for the mid-

latitude, southern hemisphere location of the Lauder station.

The spectroscopic line parameters used in the analysis were
taken from the 1992 HITRAN compilation [Rothman et al.,

1992]. The solar features noted in Table 1 were included by

adding a line at the appropriate wavenumber and fitting the solar

absorption with a one layer model [cf., Rinsland et aL, 1984].

Results and Discussion

Figure 1 shows a sample fit. Absorption by ozone in the

region is dominated by the 3v 3 band. The maximum

discrepancies coincide with the locations of the stronger 0 3 lines.

Sources of error are inaccuracies in the assumed 03 line

parameters, weak lines missing from the spectroscopic database,

and inadequacies in modeling the interfering lines and the

instrument line shape. Similar problems occur in other spectral

regions.
The mean and standard deviation of ratios calculated by divid-

ing the ozone total columns retrieved from the IR measurements

by the same day Dobson values are given for each spectral inter-
val in Table 1. The standard deviations of the ratios are typically

3%, which highlights the consistency between the two datasets

despite wide differences in instrumentation and data analysis

methods. Although the IR and UV measurements were recorded

on the same day, they were in general not coincident in time.
The results in Table 1 indicate IR/Dobson mean column ratios

from -0.96 in the v 2 band to -1.02 in the 3v 3 band. At 10/.tin,

_" 1.0 . . , , . '

0.0
•_ -o.5
_-1.0

1.0

0,9

_ 0.8
bl

_ 0.7
0

z

0.6
3040.0

i

I I

,3040.3 304-0.6 ,3040.9

Wavenumber (era -1)

Figure I. Bottom: Measured (solid line) and least-squares, best-

fit calculated (open triangles) Lauder solar spectra in the region of

the 3v 3 band of ozone. The measured spectrum was recorded on
April 27, 1994, at an astronomical zenith angle of 62.24*. Top:
Measured minus calculated values on an expanded vertical scale.

Several CH 4 lines and a H20 line at 3040.741 cm I contribute to
the measured absorption.

the average of the 4 IR/Dobson ratios is 0.982. Hence, to obtain

agreement with the Dobson values, the IR intensities in this

region need to be multiplied by 0.982. This factor is higher than
the Mauna Loa IR/Dobson ratio of 0.956 deduced by David et al.

[1993]. However, David et aL [1993] note that reprocessing of

the Mauna Loa Dobson data with the new, effective O 3 absorp-

tion coefficents [Komhyr et al., 1993] would increase the ratio to

about 0.98, in excellent agreement with the present results.

The errors that normally arise from uncertainties in the target

molecule volume mixing ratio and temperature profiles are neg-

ligible in the present work because correlative measurements

have been adopted for those quantities. However, 3 other

important sources of potential systematic error remain: (1) errors

in the spectroscopic parameters, (2) errors in fitting the

instrument line shape function, and (3) biases introduced by

errors in the retrieval algorithm. Errors in the line intensities are

not considered here since the goal is to determine the offset from

the IR/Dobson column comparisons. The sensitivity to errors in

the air-broadening coefficients and their temperature dependences

have been estimated by repeating retrievals with the 1992

HITRAN air-broadening coefficients of ozone [Rothman et al.,

1992] multiplied by 1.05. The ozone total columns increased by

0.5%. The uncertainty in the instrument line shape function was

estimated by repeating retrievals with the straight-line effective

apodization coefficient [Park, 1983] increased or decreased by

0.1 as compared to the retrieved value. Changes in the ozone

total columns of- 1.5% and +1.5% were obtained, respectively.

Total columns retrieved with SFIT agree with values from

independently-developed algorithms to about 2% when the same

input parameters and fitting options are selected [Zander et al.,

1994]. On the basis of these studies, we estimate the uncertainty

in the mean lR/Dobson ratios in Table 1 as +_3%.

The ozone intensity scale on the 1992 HITRAN compilation

[Rothman et al., 1992] was transferred from the 10/./m to other IR

regions by measuring relative intensities of common lines in

overlapping laboratory spectra. The present work suggests that

this procedure was successful to within a few percent. Very
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precise work will be required to determine if the small, systematic

increase in the IR/Dobson column ratio with wavenumber

measured in this work results from errors in the 0 3 intensities, an

artifact in the present analysis, or a combination of both effects.

Recent laboratory measurements are consistent with the pres-

ent results. Birk et aL [1993] compared measured absolute

intensities of 26 transitions in the 0 3 v2 band with values on the

1992 HITRAN database [Rothman et al., 1992]. The average

measured-to-1992 HITRAN ratio was 0.965 + 0.031, close to our

average ratio of 0,967. Barbe et al. [1994] reanalyzed the 2 v I, v 1

+ v 3, and 2v_ bands in the 1850--2300 -cml region based on 03

amounts calculated from the measured sample pressure and the

assumptions that the initial sample contained only 0 3 and the

only 0 3 decay product was 0 2 . These new intensities show no

significant bias relative to the 1992 HITRAN compilation values

[ Barbe et al., 1994, Fig. 31. De Backer and Courtois [1995] used

a tunable diode laser spectrometer to measure the intensities of

about 40 ozone lines in the 9.6/am v 3 band. They derived an

average measured-to-1992 HITRAN ratio of 0.96 + 0.04 (M. R.

De Backer, private communication, 1995). A consistent value for

the amount of ozone in the cell was found three ways: (1) UV

measurements at 253.7 rim, (2) measurements of the sample

pressure and the assumptions that the initial sample contained

only 03 and the only 03 decay product was O 2, and (3) measure-

ment of the 0 3 vapor pressure at the temperature of liquid argon,

where the 0 3 vapor pressure is well known.

Summary and Conclusions
Average IR-to-Dobson 03 total column ratios of 0.96 to 1.02

have been derived from 13 intervals in 5 infrared bands and

correlative Dobson spectrophotometer measurements. Both sets

of measurements, accurate to about +3%, were recorded on

10 days in 1994 at the NDSC station in Lauder, New Zealand.

Correlative 03 and 1-120 VMR and temperature profiles were

specified in the IR analysis from correlative measurements to

minimize systematic errors. The present results do not support

the 1.051 multiplicative factor recommended by Pickett et al.

[1992] for the 1992 HITRAN line intensities in the O 3 v3 band

[Rothman et al., 1992]. Our results agree with recent laboratory

measurements of absolute 03 intensities and a comparison of

Mauna Loa IR total columns with correlative Dobson

spectrophotometer measurements [David et al., 1993].
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Observations of the infrared solar
spectrum from space by the ATMOS experiment

M. C. Abrams, A. Goldman, M. R. Gunson, C. P. Rinsland, and R. Zander

The final flight of the Atmospheric Trace Molecule Spectroscopy experiment as part of the Atmospheric

Laboratory for Applications and Science iATLAS-3, Space Shuttle mission in 1994 provided a new

opportunity to measure broadband 625-4800 cm -1, 2.1-16 :am infrared solar spectra at an unapodized

resolution of 0.01 cm- 1 from space. The majority of the observations were obtained as exoatmospheric,

near Sun center, absorption spectra, which were later ratioed to grazing atmospheric measurements to

compute the atmospheric transmission of the Earth's atmosphere and analyzed for vertical profiles of

minor and trace gases. Relative to the SPACELAB-3 mission that produced 4800 high Sun spectra

which were averaged into four grand average spectral, the ATLAS-3 mission produced some 40,000 high

Sun spectra which have been similarly averagedJ with an improvement in signal-to-noise ratio of a

factor of 3-4 in the spectral region between 1000 and 4800 cm-l. A brief description of the spectral

calibration and spectral quality is given as well as the location of electronic archives of these

spectra. _v 1996 Optical SocietyofAmerica

1. Introduction

The Atmospheric Trace Molecule Spectroscopy
,ATMOS1 instrument is a 0.01-cm -1 unapodized reso-

lution Fourier transform spectrometer operating in
the infrared for atmospheric observations between
625 and 4800 cm -1 i2.1-16 tim} from the Space

Shuttle. Its first flight in 1985 as part of the
SPACELAB-3 mission provided a proof of concept for
the instrument and measurement technique, with
20 occultations recorded over a 2-day period. The

excellent quality of the spectra led to a detailed
analysis of the composition of the middle atmo-
sphere, including the profiling of more than 30
gaseous species. The design, performance, and op-
eration of the ATMOS experiment have been docu-
mented in the literature} -3 In summary, the instru-

ment is a rapid-scanning, double-passed, Michelson
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interferometer utilizing cat's eye retroreflectors and

a KBr beam splitter to obtain interferograms with a
total optical path difference of 50 cm {nominally

800,000 points, which after transformation pro-
duces a spectrum with a dispersion of 0.007533

cm -t pt.
Although designed in the mid 1970's and delivered

in 1982 by Honeywell, 4 the instrument remains state
of the art in 1995, and it still exceeds by far the

capabilities iin terms of resolution, speed, band-
width, sampling, and spectral bandpass of all cur-

rent implementations of space-based Fourier trans-
form spectrometers. The signal-to-noise ratio of the
measurements is maximized through the use of

optical bandpass filters, which divide the 625 to
4800-cm -_ region into narrower regions that are

compatible with the sampling of the laser: 625-
1500, 1100-2000, 1580-3400, 3100-4800, and 625-
2450 cm -1 (the last filter is an addition to the set used

in SPACELAB-3. The signal-to-noise ratios of spec-
tra obtained with each of the filters is inversely

proportional to frequency, with spectra in the long-
wavelength re,on having a typical signal-to-noise
ratio of 300:1, degrading to 50:1 in the 3100-4800

cm -_ spectral region. The frequency response of
the signal-to-noise ratio is largely the consequence of
the frequency response of the HgCdTe detector and
the modulation efficiency of the interferometer.

The ATMOS instrument obtains a spectrum every

2.2 s in order to provide adequate vertical resolution

1 June 1996 Vol. 35. No 16 APPLIED OPTICS 2747



during sunrise or sunset observations: pure atmo-

spheric spectra are obtained by ratioing the transmis-
sion at a given tangent height against a solar
absorption spectrum that averages all spectra ob-
served above a tangent height of 165 km into a single
spectrum. Consequently. for each of the solar occul-
tation events, a high signal-to-noise ratio exoatmo-
spheric solar absorption spectrum is obtained. In
addition, during each mission, certain obser','ation

periods were dedicated to solar-only observations in
which 4--40 rain of continuous measurements were

made by the instrument. Measurements are ob-
tained with a Sun tracker that balances the signals

from four quadrants of the solar disk. Hence the
observations were nominally obtained at Sun center,
with a bore-sighted video camera providing visible

wavelength images for confirmation of the position
on the solar disk.

The ATMOS Solar Infrared Atlas 5,6 and related

studies 7-s have compiled and analyzed the 1985
observations. Farmer 9 has discussed future plans

for solar observations as part of the ATLAS missions,

specifically noting the need for improved signal-to-
noise ratios possible by increasing the number of
observations, and the possibility of investigating
the center-to-limb variation in the solar spectrum.
The material presented in this paper addresses the

first priority, the generation of considerably im-
proved solar spectra. The new spectra illustrate
the effectiveness of the dispersion corrections in the
formation of accurate observations of the solar

spectrum and are compared with spectra from the
SPACELAB-3 mission in each of the figures.

2. Spectral Calibration

The methodology for correction and transformation
of ATMOS spectra has been presented elsewhere.I°-12
During the SPACELAB-3 mission, solar spectra were
obtained over a 2-day period during which the
Sun-spacecraft velocity remained relatively constant.
As a result, the variation in the Sun-spacecraft

radial velocity (which produces a Doppler shift is
typically small during individual and between succes-
sive observations, and consequently the solar spec-

tra can be averaged together on a point-by-point
basis, as has been documented in previous compila-
tions of solar spectra 5 and calibrated line identifica-
tions. 6,13 The ATLAS-3 observations were made

from a lower altitude orbit 300 km as opposed to 360
km in 1985) and over a 10-clay period; consequently,
the variation in the Sun-spacecraft velocity was
sufficient to prevent point-by-point averaging of high

Sun spectra from different observations into grand
solar average spectra. Instead, all solar spectra
above a tangent height of 165 krn were interpolated
to a stationary reference frame through the calcula-
tion of the Doppler shift, and residual frequency
shifts were assessed before averaging.

The canonical dispersion of a Fourier transform
spectrometer is 5or = CTL.2N, where ¢L/2 is the laser
semifrequency and N is the number of points in the

fast Fourier transform: in the case of the ATMOS

interferometer. (rL 2 = 7899.0015 tin 1. yielding a
dispersion of 0.007533 cm _ pt. for a million-point
transform. In contrast, to calibrate.on-orbit spectra

properly for all of the perturbations relative to a
laboratory spectrometer, the laser semi-frequency
must be corrected for the field of view and the

Doppler shift:

crs = C_LWs,:I + Vs Cl ,1 -- tl 412. _11

where U's is an empirical stretch factor used for final
calibration relative to laboratory standards, Vs is the

spacecraft-Sun velocity, c is the velocity of light, and
gl is the field of view iFOV! of the instrument. The

FOV is small compared with the solar disk approxi-
mately 32 mrad as viewed by the instrument; typi-
cally the FOV is 0.97 mrad, except for the long-
wavelength filter ifilter 12,625-1500 cm- 1, in which
a FOV of 2.01 mrad is used to increase the signal-to-
noise ratio. These FOV's are smaller than those

used during the SPACELAB-3 mission 1.2 and 4
mrad, respectively) and significantly improve the
linearity of the measurements. In the presence of
residual air within the instrument, the spectral

point spacing will be nonuniform and consequently
the dispersion will be a function of the frequency

__(r = (rs Z\rri, (2)

where r, is the refractive index of air obtained with
Edl6n's formula _4 and depends on the pressure,

temperature, and humidity within the instrument
,typically this is only relevant during ground calibra-
tion and outgassing immediately following launch!.

The mean dispersion over a spectral interval be-

tween frequencies el and _2 is

5_ = (a2 - ¢rl)I_2 -_a2 - _1 -_1! I, i3)

where I is the interpolation factor _typically 3 for

atmospheric sounding, 1 for solar spectroscopy).
The calibration factor, Ws, allows for the adjustment
of the dispersion to match accurately measured line

positions, but in practice this complicates the com-
parison of spectra obtained over the past decade as
standards are continually refined. Instead, the
SPACELAB-3 correction of 0.999998526 has been
assumed for the ATLAS spectra; however, before

spectra are averaged, any residual frequency shifts
are measured and removed relative to an assumed

stationary spectrum to ensure that the line positions
and shapes are minimally distorted by the averaging
process. Given a correct dispersion, each spectrum
is interpolated to a reference frame with a dispersion
of 0.007533067 cm -I (no interpolation)before averag-

ing.

3. Results

Two examples of the ATMOS solar spectra are given,

illustrating the similarities and differences between
the SPACELAB-3 and ATLAS-3 average solar spec-

2748 APPLIED OPTICS Vol. 35, No. 16 / 1 June 1996



OS

ga
int

ira

3 a

ncy

the

,I,

nal
the
md
Fhe
_xi-

.-pi-
ng-
dch
-to-

.ose

d4
the
e of
:ral

_tly

2]

vith

'are,
_ent
_ra-

be-

;

for

_py.
_ent
line

_om-

e as

the

)een
-fore
aifts
reed
ions

.-ing
rum
sion

rag-

yen,

veen

_pec-

tra for (a) molecular transitions and (bl atomic transi-
tions. A notable difference between the 1985 flight
and the ATLAS flights was improved purging and
reduced outgassing of the instrument, leading to
significantly reduced instrumental water vapor lines
as illustrated in Fig. 1. The upper panel contains
two traces (one scaled by ten in the ordinate to
accentuate small features)with four sharp, promi-
nent instrument lines; in the lower panel, the same
lines are greatly reduced in magnitude. The
ATLAS-3 spectra are sufficiently free of instrumen-
tal lines to permit the averaging of all sunrise and
sunset data into a single grand average spectrum.
Approximately 10,000 spectra were combined into
this average. Figure 1 illustrates several other
points: the method of spectral calibration is quite
adequate, and although the spectra were accumu-
lated over a 10-day period, it is possible to formulate
an average (as indicated above)that does not signifi-
cantly alter the solar line shapes; in addition, the

lower trace indicates the improvement in signal-to-
noise ratio during the ATLAS-3 mission.

In Fig. 1 care has been taken to ensure that the
frequency scale, for the SPACELAB-3 spectra, closely
matches the calibrations developed by GellerS, t3;

any residual frequency difference between the
SPACELAB-3 and ATLAS-3 spectra results from
differences in the definitions of the reference frame
and should be removable with further calibration.
The identification of solar features such as the two
strong features in the lower panel as Fe transitions
is a continuous process, la The improvement in sig-
nal-to-noise ratio should permit the identification of
new solar features: Fig. 1 illustrates a spectral
region containing two weak NH features Is and instru-
ment lines (marked with the letter I. Figure 1
suggests that many features that are marginally
present in the 1985 spectra can be clearly measured
and considered for identification. For example,
around the NH feature, in addition to the feature
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Fig. 1. PortionofthesolarspectraobservedduringSPACEL_B-3 upperpanel andATLAS-3 lowerpaneb. The ordinate is normalized

intensity and the abscissa is frequency in reciprocal centimeters. In each panel there are two traces, one normalized to unit

transmission, the second scaled by a factor of 10 relative to the other curve to accentuate the smalI-scale structures in the spectra. Three

features are significant: the decreased size of the instrumental water vapor lines indicated by the letter I, the decreased noise level and

the corresponding increase in the number of identifiable features, and the relative similarity of the line widths and shapes, indicating

that the averaging process has not significantly distorted the line shapes. Several marginally resolved _1985 NH features are clearly

resolved in the 1994 spectra, as are a number of similar features that are not readily measurable in the 1985 spectra.
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identified by Geller at ;3459.92 cm '. there is a
comparable feature at 3461.0 cm _ in the 1994

spectra that is lost in the noise in the 1985 spectra.
Conversely, the 1985 compilation placed a line at
3461.783 cm-1 that is absent from the 1994 spectra,
whereas there is a weak feature at 3461.95 cm-I in

the 1994 spectra that is essentially absent from the
1985 spectra although there is a feature that is twice
the noise levell. The carbon double line identified at
3469.213 and 3469.236 cm -_ in the 1985 spectra

appears as a single line in the 1994 spectra, and
realistically the doublet structure in the 1985 spec-
tra is comparable with the noise in the spectrum.

The improvement in signal-to-noise ratio should
allow the identification of weak molecular and atomic
features and the determination of more accurate
molecular constants. Figure 2 illustrates a spectral

region containing four CH spectral features. 16 As
in Fig. 1, the recent identification of some unidenti-
fied lines !e.g., Fe, in the lower trace of Fig. 2)
indicates the evolution of solar spectroscopy, and the
lower trace contains a number of features that are

statistically significant and warrant investigation
_e.g., the weak features between 3030 and 3031.5

cm _ Positive identification of features as real will

require multiple measurements and corroboration
from atomic and molecular calculations, especially

in cases in which the signal-to-noise ratio is less

than 3.

4. Conclusions

Exoatmospheric infrared solar spectra recorded by
the ATMOS instrument on board the Space Shuttle

are presented and contrasted with earlier measure-
ments made in 1985. The improvement in signal-to-

noise ratio mainly resulting from the larger number
of spectra_ is discussed and illustrated, and the
method of calibration is presented. Four new spec-

tra, global high Sun averages from the November
1994 ATLAS-3 mission, are available in electronic

form and may be obtained from the anonymous File
Transfer Protocol sites at Langley Research Cen-

ter iarbd4.1arc.nasa.gov: pub atmos) or the Jet

Propulsion Laboratory remus.jpl.nasa.gov: pub,
incoming solar_spectral. The spectra are stored as
ascii files with ancillary information for fre-

quency calibration. Further information about
the spectra can be obtained from the lead author
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Fig. 2. Spectral region containing several four-component CH features from the '2-1) band, suggesting the increase in rotational

coverage to higher J values_ possible in the new spectra and hydrogen, iron, and silicon lines. The lines marked with a question mark

remain unidentified as of the 1992 compilation. The iron line in the lower panel is a new identification. _3
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im.c.abrams@larc.nasa.gov), and collaborative ef-

forts to measure, calibrate, and catalog these spectra

are welcome.
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Abstract--New line parameters for two heavy odd nitrogen molecules HNO3 in the v_/2v9

region, and CIONO: in the v_ re,on are incorporated in the analysis of high resolution i.r.
atmospheric spectra. The line parameters are tested and renormalized vs laboratory spectra,
and then applied to retrievals from balloon-borne and ground-basedsolar absorption spectra.

INTRODUCTION

High resolution (0.002-0.003cm -_) Michelson type interferometer systems are used at the
University of Denver to obtain i.r. solar absorption spectra of the stratosphere during balloon
flights, as well as ground-based solar spectra. The stratospheric spectra in the region 700-2200 era-'
cover spectral signatures of 03 (including isotopic species), NO:, HNO3, 03, N2, COF2, CIONO2,
SF6, and others. For a typical study of new spectral features observable in such spectra see the
discussion of the 6 June 1988 flight data by Goldman et al. I Ground-based spectra in the 3-i2/zm

region are obtained regularly from Mauna Loa (Hawaii) and Denver (CO), in support of the
Network for Detection of Stratospheric Change (NDSC) and the Upper Atmospheric Research

satellite (UARS).
In support of the atmospheric observations, numerous laboratory spectra have been obtained

with the same interferometer systems. The laboratory spectra cover mostly the region
700-3000cm-' and have also been extended down to 500 or up to 5000cm -I. The molecules
covered include CCI4, CC12F2, CCI3F, CF4, CHCIF2, CH3CI, CHCI3, CH20, C2H6, CIONO:,

COF:, COCI_, COCIF, HCOOH, HNO,, H202, NO2, HNO3, N20_, and others. Analysis of
stratospheric spectral features, combined with analysis of laboratory molecular absorption spectra,
improves the spectral line parameters and leads to more complete line identifications and more
accurate retrieval quantification of atmospheric gases.

In the present paper, updates of line parameters and their application to the University of Denver
spectra will be presented for the 11 ]z region of HNO3 and the 780 crn-_ region of CIONO:.

RESULTS AND DISCUSSION

Recent updates of Line parameters for the HNO_ v_/2v9 bands, beyond the HITRAN 92 data
base,: have allowed improved quantitative analysis of atmospheric spectra in th_ 1 ]./a region. The

first update was initiated by A. G. Maki (unpublished) and included Fermi resonance effects on
the energy levels but unperturbed intensities. This provided improved modeling of the v3 manifolds
in the 860-875 cm -_ region of the atmospheric spectra, as reported by Goldman et al. 1"2This set
has been used successfully for most retrievals to date from high resolution airborne and
_,round-based solar spectra. Subsequent update was based on Maki and Wells) who extended the
analysis with Fermi resonance, by adding unperturbed intensities to the published energies and line
positions. This update covered both bands, v,'ith improved agreement in the v5 manifolds and
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Q-branch, but the 2v9 Q-branch was still poorly modeled. The more recent update, based on the
work of Perrin et al, 4 extended the treatment with both Fermi and Coriolis interactions, including

perturbed intensities. With this update the modeling of both the v5 and the 2v_ Q.branches is

significantly improved, and the Q-branches are now consistent with most P and R manifolds. Line

intensity plots for the two latest updates were shown in Fig. 1.
In order to apply these data to atmospheric spectra in a fashion consistent with previous

retrievals from these bands and from the other major H'NO_ bands, the total band intensities were

normalized to the measured intensities of Giver et al, 5divided by a hot bands factor of 1.30, which

amounts to multiplying the Perrin et al lines _ (shown in Fig. 1) by 1.43. The hot bands are not

analyzed yet, but are not significant in the spectral intervals used for stratospheric retrievals; they

are thus not considered in the line list for this study.

Figure 2 shows a typical fitting in the s'_manifolds with the latest lines to data from the University
of Denver balloon flight of 6 June 1988. The improvements in the Q-branches modeling is

demonstrated in Fig. 3, also with data from the 6 June 1988 flight. Comparisons with ground-based

spectra to be presented elsewhere, also show significant improvements in the spectral fitting.

Comparisons with retrievals with the previous two line parameters updates show consistency of

better than 4% over the 860-870 cm-I manifolds.
The first update of the initial cross-sections for CIONO2 (HITRAN 1986) was provided by the

work of Ballard et al, _ which generated cross-sections in the 700-1800 cm-* at 213-296 K. These

cross-sections were included in the HITRAN 92 data base. 7
Recent analysis of the v4CIONO_ region (the most useful for atmospheric retrievals) by Bell et al, s

provided spectroscopic constants for the three main bands in this region, v, _sCIONOj, v4
_7CIONO2, and ,', + *'9- *'9_sCIONO:. Based on this analysis, line parameters were generated in

the v_ region, with the relative intensities of the three bands normalized to 0.002 cm -1 resolution

laboratory spectra taken at the University of Denver, and absolute intensities normalized to the
values of Ballard et al, 6 with the continuum removed (providing consistency of better than 3% with

previous retrievals). The new line parameters were then applied to retrievals in the 780.2 cm -_

region from D.U. balloon-borne and ground-based spectra taken at 0.002-0.006 cm -I resolution.
The new line parameters showed improved agreement with observed data, even though the fine
structure is not fully modeled yet. Intensity plots of the normalized line parameters are shown in

Fig. 4. Modeling of the 780.2 era-' region from University of Denver laboratory data is shown in

Fig. 5. Fitting to stratospheric spectra obtained by University of Denver during the 6 June 1988

flight is shown in Fig. 6.
The new line parameters of HNO3 and C1ONO2 were thus applied in retrievals of altitude mixing

ratio profiles from sunset spectra obtained during two D.U. balloon flights made on 6 June 1988

(from Palestine, Texas, with float altitude of 36.7 kin) and 24 July 1992 (Palestine, Texas, float
altitude of 34kin). Sunset scans were obtained during the 6 June 1988 flight down to 15.60kin

tangent altitude, but only down to 24.30 km tangent altitude during the 24 July 1992 flight; the
Pinatubo aerosol caused loss of the source signal below this altitude. Both flights covered the same

spectral interval of 700---1350 cm -_ with resolution of ~0.0025 era -I. The resolution and the signal
to noise ratio were slightly better during the 6 June 1988 flight. Spectral fitting results were tested

by two non-linear spectral least squares programs, one based on the work of Niple et al, 9 and one
on Rinsland et al, k° combined with the onion-peeling method for the mixing ratio profile. The

agreement between the two methods is better than 2% in any step of the onion-peeling, assuming

the same atmospheric and spectroscopic parameters.
The retrieved mixing ralios are shown in Figs. 7, 8, which also include comparisons with prex'ious

results_HNO3 from D.U., 1. ATMOS, Iz LIMS, 13WMO (1986), 14and BLISS,iS'and CIONO: from
ATMOS. j6 The results from the two flights are included in the comparisons of'CLAES-UARS

retrievals and other correlative measurements and 2-D global model calculations, as reported by

Mertzenthaler et a[. _7 These comparisons show that both HNO_ and C1ONO2 profiles exhibits

significant variabilities, not fully modeled yet, even for mid latitudes. In particular, shifts in the
altitudes of the peak of the CIONOz profiles such as seen in Fig. 8, also appear in the CLAES

results. .7 The improved line parameters will provide a more accurate and consistent quantification

of these species from i.r. atmospheric spectra.
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AND GROUND-BASED SOLAR ABSORPTION SPECTRA IN THE 3000 cm -I REGION
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_. A number of prominent Q-branches of the

v 7 band of C_H 6 have been identified near 3000 cm -l in

aircraft and ground-based infrared solar absorption

spectra. The aircraft spectra provide the column
amount above 12 km at various altitudes. The column

amount is strongly correlated with tropopause height

and can be described by a constant mixing ratio of

0.46 ppbv in the upper troposphere and a mixing ratio

scale height of 3.9 km above the tropopause. The

ground-based spectra yield a column of 9.0 x 10 Is
_o

molecules cm " above 2.1 kin; combining these results

implies a tropospheric mixing ratio of approximately

0.63 ppbv.

Introduction

After methane, the most abundant hydrocarbon in

the atmosphere is ethane. Its importance for atmos-

pheric chemistry lies principally in its reactions with

OH and CI; it is potentially also a source for atmos-

pheric CO [Chameides and Cicerone, 1978]. In the tro-

posphere, the loss of C?H 6 is largely by reaction with

OH; the lifetime is highly variable, but typical values

are approximately 100 days in the lower stratosphere

[Rudolph et al., 19811 . In the stratosphere both OH

and CI react with C_H 6 and the vertical profile of
ethane has been used to infer the concentration of

chlorine radicals in the lower stratosphere [Rudolph

et al., 1981; Aikin eta]., 1982; Singh and Salas, 1982].

Measurements of the concentration of ethane near the

Copyright 1985 by the American Geophysical Union.

Paper number 5L6437.

0094-8276/85/005L-6437503.00

tropopause are thus important indicators of radical

chemistry.

Recently, infrared measurements of Co.H 6 in the

upper troposphere and lower stratosphere were reported

based on the analysis of spectra in the C.,H 6 vg band at

822 cm -l [Goldman et al., 1984]. The same study sug-

gested the identification of the Q-branches of the v 7

C_.H 6 band near 3000 cm -t. These absorption features
are an orderof magnitude stronger than the v 9 band

Q-branches and thus are important for the remote sens-

ing of C_H 6 as well as of other trace constituents with

spectral features in the same region. In this letter, we

present atmospheric spectra with the identification and

quantification of the C.oH 6 v 7 Q-branches. \Ve also

present the latitudinal dependence of the Co H 6 column

amount above 12 km as derived from spectra recorded

aboard the NCAR Sabreliner aircraft, and a tropos-

pheric amount derived from ground-based spectra

recorded at Kitt Peak.

Analysis

Figure I shows atmospheric, calculated, and labora-

tory spectra in the 2975-2990 cm -t region. The aircraft

spectrum wa_ recorded in July 1978 at 2-I degrees

North latitude and an average solar elevation of 2.75

degrees. The three spectra in Figure i are all at

0.06 cm -l resolution. The laboratory spectrum is taken

from the laboratory atlas of Murcray and Goldman

[19811. The same atlas also shows a spectrum of the v 9

band of C_.H 6 in the 800 cm -t region recorded under
the same conditions, so that the relative intensities of

the Q-branches in the two regions are quite apparen{:.

The line-by-line calculation in Figure Ib includes lines

of CH 4, H20, O 3 and HCf [Rothman et al., 1983a,b]_ of

which CH 4 and H.._O are the major contributors. The

199
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FIg. 1 Spectral region containing the RQ0 Q-branch

of the u 7 band of Coil 6. Spectrum a is a solar

absorption spectrum recorded at 0.06 cm -n with the

NCAR Fourier transform spectrometer from 12 km

ahitude. The spectrum was recorded in July 1978 at

24 degrees North latitude with au average solar

elevation of 2.75 degrees. C_H 6 u; Q-branches are

marked by arrows. Spectrum b is a line-by-line cal-

culation based on line parameters for H20, O.. CH 4
and HCI from the 19is2 )YFGL compilations ]Roth-

man et al., 1983a, hi, for conditions correspondhlg to

the observed spectrum in a. Spectrum c is a labora-

tory spectrum of C,.H 6 also at 0.06 cm -I resolution

[Murcray and Goldman, 19811.

features marked by arrows in the aircraft spectrum

agree with the Coil 6 Q-branches in position and relative
intensity and are not accounted for in the calculations.

The feature at 2982 cm -x in the observation is due to

Si I in the sun's atmosphere. These identifications

were further confirmed by comparison of line-by-line

simulations with 0.01 cm -1 resolution ground-hased

spectra obtained at I(itt Peak and additional labora-

tory spectra. Samples of these spectra are shown in

Figure 2 for the interval of 2976-2977 cm-L It should

also be noted that our simulations and comparisons

with laboratory data showed that several CH 4 line
intensities in the 2990-3000 cm -l region in the AFGL

tape are in large error. These values are being

corrected for the next edition.

From studies of spectra such as shown in Figures I

and 2 we have concluded that several prominent

features, as marked with arrows on the figures, "are

dominated by the CoH 6 Q-branches. The PQ3 feature

near 2977 cm -l and'the l_Q0 feature near 2987 cm -l

are the most suitable for atmospheric quantification.

Previous search for these features in balloon-borne

spectra showed no measurable absorptions [I<endall and

Buijs, 1983] for tangent heights down to 19 km.

Unlike the % C_H 6 Q-branches, line parameters [Roth-

man et al., lCJ83b] are not available for the v 7 Q-

branches, which are not resolved even at very high

resolution. Recent s',udies of laboratory spectra by

Pine and Lafferty [19821 and by Dang-Nhu et al. [t984]
provide accurate energy levels for the three overlapping

vlbration-rotation bands in the :3 pm region (u s, u7 and

tz8 + t,+t bands) and also approximate intensities for

many of the weaker, resolved lines but exclude the Q-

branches of atmospheric interest.
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Fig. 2 Spectra] region containing the PQ3 Q-branch

of the v 7 band of C_H 6. Spectrum a is a ground-

based solar absorption spectrum recorded at

0.01 cm -I resolution with the Fourier transform

interferomcter in the McMath solar telescope com-

plex on Kilt Peak {latitude 31 degrees, 57 minutes

North, altitude 2095 m). The spectrum was

obtained shortly after sunrise at a mean astronomical

zenith angle of 78.72 degrees on February 23, 1981.

Spectrum b is a line-by-line simulation calculated

with the 1982 AFGL parameters [Rothman et al.,

1983a,b] for conditions corresponding to the Kilt

Peak atmospheric spectrum a. Spectrum c is a

0.06 cm -I resolution laboratory scan obtained at

room temperature with 0.21 Torr of Coil 6 in a

5.125 cm absorption path. The PQ3 Q-[_ranch is

marked with an arrow in spectra a and c.
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Fig. 3 Latitudinal dependence of the C_H 6 column

amount above 12 km altitude as derived from the

aircraft data. Column amounts are averaged from

spectra taken over 5 degrees of latitude and

represent typically an average of from 8 to 10 indivi-

dual spectra, some recorded in summer and others in

winter. Also shown is the height of the tropopause.

The solid circles are the average of winter and sum-

mer tropopause heights from the nearest radiosonde

observations to the aircraft location.

The Coil6 quantification is therefore based on the
equivalent width method with the PQ3 and RQ 0 intensi-

ties measured from laboratory spectra. The C_.H 6 Q-

branches quantified here are very dense with spectral

lines and not broadened significantly by the instrumen-

tal spectral resolution. Thus, a small absorption by

these Q-branches corresponds to the weak line approxi-

mation, where the integrated absorption is proportional

to the product of gas amount and the integrated inten-

sity. ._ssuming linear absorption in the laboratory

spectrum of Figure 1 gives an integrated intensity of
S _ 3.23 e 0.81 x 10 -10 era-I/molecules cm --_ (at

298 K) for RQ 0. Laboratory measurements at NASA

Langley, Such as in Figure 2c, resulted in an integrated

intensity for PQ of S = 3.91 ± 0.84 x 10 q°

cm-l/molcules cm '-_"at 298 I(. These values have been

used in the present analysis.

Aircraft spectra taken over a number of years and a

wide range of latitudes show C_H 6 absorption above the

flight level of 12 kin. The C_[ 6 column amount is

observed to have a maximum at low latitudes and

decreases toward the pole. The variation with latitude

is strongly correlated with the tropopanse altitude as

shown in Figure 3.

Discussion

The obvious correlation between column amount and

tropopause height leads us to attempt to deduce the

variation of density of C_H 6 in the vicinity of the tro-

popause by fitting the data to the values derived from

a simple parametric model profile. We used a model

with a constant mixing ratio below the tropopause and

an exponential decrease of mixing ratio above the fro-

popause. The two parameters which were fitted are the

tropopause mixing ratio and the mixing ratio scale

height. The parameters were determined by a least

squares fit of the observed columns to the values calcu-

lated from the model profile. The resulting best fit was

for a mixing ratio at the tropopause of 0.46 ppbv and a

scale height of the mixing ratio in the lower strato-

sphere of 3.9 kin. This analysis neglects several impor-

tant variables, particularly the latitude, but the tropo-

pause height is the most significant variable, and the

limited data set does not justify fitting more parame-

ters. The rms difference between the observed and cal-

culated columns is 0.25 x l0 Is molecules cm -°'.

The ground-based measurement in Figure 2 yields a

CoH 6 column of 9.0 x 10 Is molecules cm-" above the
ol_servation altitude of 2.1 km. The aircraft measure-

meat at that latitude indicated 1.1-x 10 Is molecules

cm -°- above 12 kin. Although the aircraft measure-

ments were made at a different season, if we assume

that they are representative of the time of the ground-

based observation, the column between 2.1 and 12 km

is "7.9 x I0 Is molecules cni -_', corresponding to a mean

mixing ratio of 0.83 ppbv. The ground-bated and air-

craft results are consistent with previous. C_H 6 sampling

measurements [Randolph et al, 1981; Aikin et al.,

1982: Siugh and Salas, 1982 I.
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Abstract. Stratospheric volume mixing ratio profiles of N_O s, CH 4, and N20 have been retrieved

from a set of 0.052 cm -_ resolution (FWHlVl) solar occultation spectra recorded at sunrise during a

balloon flight from Aire sur 19,dour, France (44" N latitude) on 12 October 1990. The N205 results

have been derived from measurements of the integrated absorption by the 1246 cm -t band. Assuming

a total intensity of 4.32 x 10 -17 cm-I/molecule cm -2 independent of temperature, the retrieved N20 s

volume mixing ratios in ppbv (parts per billion by volume, 10"9), interpolated to 2 Ima height spacings,

are 1.64:t:0.49 at 37.5.km, 1.92+0.56 at 35.5 kin, 2.06+0.47 at 33.5 kin, 1.95-1-0.42 at 31.5 kin,
1.60 + 0.33 at 29.5 kin, 1.26 + 0.28 at 27.5 kin, and 0.85 + 0.20 at 25.5 kin. Error bars indicate the

estimated 1-a uncertainty including the error in the total band intensity (:t:200 has been assumed).

The retrieved profiles are compared with previous measurements and photochemical model results.

Key words, Atmospheric composition, middle atmosphere, stratosphere, Fourier transform spectros-

copy, balloon measurements, nitrogen oxydes, methane.

1. Introduction

The odd nitrogen family of molecules (primarily NO, NO2, HNO 3, CIONO 2,

HO2NO2, and N205) is one of three key chemically-coupled families important in

the catalytic destruction of ozone in the stratosphere (Crutzen, 1970) (the others

are the odd hydrogen and odd chlorine families). Nitrogen pentoxide (N205) is a

diurnaUy-varying reservoir of the odd nitrogen family, and the present work reports

the accurate measurement of the profile of this molecule at sunrise.

Only a few measurements of N205 have been reported previously. Roscoe

(1982) and Evans (1986) reported tentative observations, based on low-resolution

sunrise measurements, which were followed by 0.015 cm -1 resolution solar occul-

tation measurements of the 743, 1246 cm -_, and 1720 cm -1 bands by the ATMOS

Fourier transform spectrometer (FTS) on Spacelab 3 (Toon et al., 1986; Toon,

" Laboratoire associd atux Universit_s Pierre et Marie Curie et Paris Sud.
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1987; Rinsland et al., 1989), nighttime emission measurements of the 1246 cm -t

band with a balloon-borne FTS (Kunde et aL, 1988), and morning emission meas-
urements of the same band with a balloon-borne FTS (Blatherwick et al., 1989).

The present work reports additional measurements of the 1246 cm -_ N2Os
band obtained at sunrise with a high-resolution balloon-borne FTS operating in the

solar occultation mode. The 1246 cm -1 band is overlapped by absorption from a

number of other atmospheric gases, principally CH4 and N20, and to a lesser

extent molecules such as COs, H20, and COF 2. To obtain accurate corrections for

CH4 and N20 interferences, the profiles of both constituents have also been re-

trieved from the spectra, and those results are also reported.

2. Measurements, Data Analysis, and Results

Table I summarizes the most important parameters of the LPMA (Limb Profile

Monitor of the Atmosphere) instrument and the balloon flight data of 12 October

1990, which are analyzed here. Instrumental details have been discussed by Camy-

Peyret et aL (1991); note that a revised set of flight parameters are reported here.
Briefly, the LPMA instrument is a rapid-scanning Bomem, Inc. model DA2.01

FTS, which used a HgTdCd detector and a KCI beamsplitter to cover the 800 to

1400 cm_1 region during this balloon flight. The spectral signal-to-rms noise of a

single scan exceeded 100 in the region of the 1246 cm -1 N2Os band. About 40

good spectra were recorded between solar elevation angles of -5.42" and 2.47"
from the float altitude of 40.1 kin. This altitude was derived from measurements by

an onboard pressure transducer which were converted to altitude from a correla-

tive pressure-temperature profile (discussed below). The effective instrument reso-
lution was about 0.052 cm -l FWHM (full width half maximum absorption). The

field of view (FOV) of the instrument (see Table I) as determined by an iris of 0.6
mm at the detector and by the focal length of the output collimator (100 ram) is

6 x 10 -3 rd, i.e. about 2/3 of the angular diameter of the sun. This FOV translates

into a vertical span at the limb of about 2.3 km at a tangent height of 30 kin. The

Table I. Measurement parameters for the 12 October 1990 balloon flight

Parameter Value

Launch site

Float altitude

Instrument

Spectral coverage
Spectral resolution
Field of view

Aperture
Scan time

Detector

Beam splitter

Aire sur l'Adour, France (43.7" N, 359.7" E)

40.1 + 0.2 km
Bomem DA2.01 Michelson-type interferometer

800-1400 cm -1 (7-12.5 p.m)
0.052 cm -sFWHM

6 mrad

40 nun diameter(unobscured)

50s

HgCdTe (cooledto 77 K)
KCI
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vertical resolution is also limited by the time between consecutive zero path differ-

ence crossings (in our case 2 x 50s), which corresponds to a vertical sampling of
about 2.5 km at the altitude range of interest.

A pressure-temperature profile calculated by the National Meteorological
Center (M. Gelman, private communication, 1991) for the time and location of the

balloon flight has been adopted for the analysis. Refracted ray paths for each

spectrum were calculated using the FSCATM program (Gallery et aL, 1983) and

the geometric parameters of the experiment. The time of recording the zero path
difference signal was used in computing the solar zenith angles (Park, 1982; Kyle
and Blatherwick, 1984).

A nonlinear least-squares spectral fitting procedure (e.g., Rinsland et al., 1982)

was used to retrieve the CH4 and N20 profiles. The effective instrument line shape
was first determined by least-squares fitting isolated CH4 lines in a high signal-to-

noise spectrum produced by averaging all of the spectra with zenith angles less than

90". The retrieved instrument function was held fixed during the subsequent re-

trievals. Independent onion-peeling retrievals were run using each of the spectral

intervals listed in Table II. A sample fit is shown in Figure 1. The final profiles have
been obtained, by averaging the results from the different intervals. Line parameters

from the 1991 HITRAN compilation (L. S. Rothman, unpublished results, 1991)

were assumed in the analysis.
Figures 2 and 3 show comparisons of the retrieved profiles with in-situ measure-

ments obtained at the same latitude between 1982 and 1985 (Schmidt et al., 1986)

and 2-D photochemical model profiles (M. K. W. Ko, private communication,
1991). Error bars represent the total 1-a uncertainty of the present measurements,

about 10% for both gases. The error limits were evaluated from sensitivity studies

of the effects of uncertainties in each of the assumed parameters. In these studies,

retrievals are repeated with each parameter varied by the amount of its estimated
uncertainty while all others remain fixed at the assumed values. The total errors are

then calculated from the RSS (square root of the sum of the squares) of the indi-

Table II. Spectral intervals used in the CH( and N.,O
retrievals

Interval (cm -I) Notes

1242.00-1247.00
1253.00-1255.30

1262.63-1262.96

1264.62-1264.84
1270.01-1270.25

1272.73-1273.08
1273.60-1273.85

CH_ profile, NzObelow 30 km _

CH_ profile, N2Obelow 30 km
N2Oabove 30km

N2Oabove 30km

N_O above 30km
N:O above 30km

NzOabove 30km

Significant interference by H,O and CO2 absorptions.
The profiles of both gases were adjusted as part of the fit-
ting procedure.
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Fig. 1. Sample least-squares fit to a balloon-borne solar spectrum recorded at an astronomical zenith
angle of 92.77 °,which corresponded to a refracted tangent height of 32.6 kin. The bottom panel shows
the measured and best-fit calculated spectra while the residuals (measured minus calculated values)
are shown on an expanded vertical scale at top. Identifications of the stronger absorption features are
given beneath the observed spectrum. No unknown lines appear in this window, and the deviations
between measurement and calculation are principally caused by noise and by imperfections in the
modeling of the instrument function.

vidual errors. The error sources and the average uncertainty in the retrieved

volume mixing ratios resulting from each are (1) uncertainty in the assumed

spectroscopic line parameters (+ 4%), (2) uncertainty in the assumed pressure-tem-

perature profile (+ 2%), (3) uncertainty in the observational geometry (errors in the

pointing angle and balloon float altitude) (+ 5%), (4) uncertainty due to finite

instrument signal-to-noise (_+5%), (5) uncertainty in modeling of the instrument

line shape function (+_4%), and (6) uncertainty due to zero signal level offsets and

weak channel spectra (_+3%). These last two sources of uncertainty are rather typi-

cal of Fourier transform spectra. They are minimal in the present experiment. The
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Fig. 2. Comparison of the retrieved LPMA CH, profile with in-situ measurements at 44" N obtained

between 1982 and 1985 (Schmidt et al., 1986) and a 2-D photochemical model profile computed for

47" N latitude and the date of the LPMA measurements (M. K. W. Ko, private communication, 1991).

zero level can be checked on the edges of the bandpass and at the bottoms of

saturated absorption features (H20 and O3 lines). Channel spectra, resulting from

the combined effects of using a falter for isolating the spectral region of interest and

a germanium window for rejecting the visible-UV part of the solar spectrum, are
observable but rather weak. On a relative basis, the agreement between the infrared

and in-situ measurements is very good. The mean and the standard deviation of the

ratio of the IR volume mixing ratios to the in-situ data are 1.13:1:0.18 for CH4 and

1.34 + 0.47 for N20. The larger standard deviation for N20 reflects the larger
scatter in the in-situ measurements. About half of the offset between the CH4 data-

sets can be attributed to the long-term increase in CH4 between the time of the in-

situ measurements (1983-1985) and our flight experiment (1990). The rate of

CH4 increase at the surface is about 1% per year (e.g., Khalil and Rasmussen,

1990).
Analysis of the spectra to retrieve the N205 profile has followed the procedures

described previously (Rinsland et al., 1989). In this method, rnicrowindows spaced
about 1 cm -t apart between 1210 and 1270 cm -t, as given in Table 2 of Rinsland et

al. (1989), were used to measure the integrated absorption by the N20 s band. The
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Fig. 3. Comparison of the retrieved LPMA N 20 profile with in-situ measurements at 44" N obtained
between 1982 and 1985 (Schmidt et al., 1986) and a 2-D photochemical model profile computed for
47" N latitude and the date of the LPMA measurements (M. K. W. Ko, private communication, 1991).

Even at the lowest level for which we have retrieved the N20 mixing ratio, the agreement between our
determinations and the in-situ measurements is compatible with the error bars of each technique.

measurements were made on ratio spectra computed by dividing the individual low

sun spectra by an average high sun spectrum obtained by coadding all spectra with

zenith angles less than 90 °. Corrections for residual atmospheric absorption in the
microwindows were derived from simulations calculated with the retrieved CH4

and N20 profiles. Reference volume mixing ratio profiles (e.g., the compilation of
Smith (1982)) were assumed for calculating the absorption by other gases in this

region. All of the species on the 1991 HTTRAN compilation (L. S. Rothman, un-

published results, 1991) were included in the calculations.
Figure 4 shows a sequence of microwindow measurements from several of the

spectra. The growth of the N205 band absorption with decreasing tangent height is

readily apparent. Dashed lines show the fitted 100% transmittance level for two of

the spectra. Equivalent widths of the N:O 5 band have been obtained by integrating
the absorption between 1226 and 1265 cm -t. The results from spectra with the

same zero path difference crossing times agree within the uncertainties and have

been averaged. These times correspond to the short period at zero path difference
for reverse and forward scans (one sided interferograms) recorded by the present

instrument.
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Fig. 4. Examples of microwindow measurements in the region of the 1246 cm -I band of N:O_. The
values from each scan, which have been corrected for residual absorption by other gases, are shown on
the same scale, but have been offset vertically for clarity. Refracted tangent heights of the spectra are

given at right. Dashed Lines show 100% transmission levels determined by fitting the microwindow
measurements from 1210 to 1226 cm -i and 1265 to 1270 cm-L

The profile of N205 has been derived from the measured equivalent widths

using the onion-peeling retrieval method and an assumed temperature-indepen-
dent band intensity of 4.32 x 10 -t7 cm-t/molecule cm -2. This value is the same as

adopted previously (Toon et al., 1986; Rinsland et aL, 1989). Recently, Roscoe

(1991) reviewed the published laboratory and atmospheric measurements of N205

and recommended an integrated 1246 cm -l N205 band intensity of 4.01 x 10-_7

cm-_/molecule cm -2. If this lower value is assumed, the published ATMOS meas-

urements and those reported in this study need to be multiplied by a factor of
1.077.

Figure 5 presents a comparison of our retrieved N205 profile with previous

published measurements and two photochemical model calculations performed for

conditions corresponding to the ATMOS/Spacelab 3 sunrise measurements at
47" S on 1 May 1985. Error bars on the LPMA profile increase with altitude, rang-

ing from 22 to 30%. The uncertainty is dominated by the absolute uncertainty of
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Fig. 5. Comparison of N2Os volume mixing ratio profiles measured at sunrise by the LPMA and

ATMOS instruments, predawn values retrieved from spectra recorded by the S IRIS instrument

(Kunde et al., 1988), a post-sunrise measurement retrieved from a spectrum recorded with the

SCRIBE instrument (Blatherwick et al., 1989), and photochemical model calculations generaied for

the conditions of the ATMOS sunrise measurements (I May 1985, at 47 ° S latitude). Error bars indi-

cate the 1-sigma uncertainties of the measurements. Models I and 2 denote the model calculations of

M. Natarajan (private communication, 1989) and Allen and Delitsky (1990, Fig. 3), respectively. The

latter study reported profiles derived with three different values assumed for the N:O 5 absorption

cross sections; the curve plotted in this figure (model 2) corresponds to the profile computed with the

N .,Os cross sections recommended by DeMore et al. (I 987).

20% in the assumed N205 band intensity at stratospheric temperatures. Errors in

the equivalent width measurements are also important at the higher tangent alti-
tudes (>35 kin), where the N205 absorption is very weak. Below about 31 kin, the

LPMA profile is in good agreement with the other data. At higher altitudes, the
ATMOS volume mixing ratios and photochemical model profiles are lower than

the present results, although there is agreement within the measurement errors. A

sunrise N205 volume mixing ratio at 30 km has been calculated by Webster et al.

(1990) from their simuitaneous in-situ measurements of NO, NO2, HNO3, 03,

N20, pressure, and temperature on 13 September 1988, at 32" N latitude. Our
measured value of 1.70 + 0.35 ppbv at the same altitude is significantly lower than
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the computed value of 2.7 + 0.4 ppbv (Webster et al., 1990) (not plotted in the

figure). Our measurement results for CH4, N20, and NzO5 are summarized in
Table 1-17.For convenience, the profiles have been interpolated to 2 km altitude

spacings. The error limits quoted for all three gases are believed to be conservative.

3. Summary and Conclusions

Profiles of N205, CH4, and N20 have been retrieved from 0.052 cm -t resolution

(FWHM) solar occultation spectra recorded at sunrise near 44" N latitude with a
balloon-borne Michelson intefferometer. The measured profiles have been com-

pared with previous measurements and photochemical model calculations. The

agreement is generally good.
The measured spectra contain absorption features of a number of additional

stratospheric gases, such as HNO3, 1603, 160160180' CC12F2' and CC13F. Work on
the analysis of these gases as well as spectra recorded during other balloon flights is

in progress.

Acknowledgements

The authors" thank M. K. W. Ko of AER, Inc., Cambridge, Mass., U.S.A., for

sending CH4 and N20 photochemical model profiles to compare with the LPMA
measurements. Financial support by Programe Atmosphere Moyenne of CNRS

together with support from CEC/STEP funding through the SIUBEX project are
acknowledged for the balloon flight and instrumentation. Research at the Uni-

versity of Denver is suppoffed by the National Aeronautics and Space Administra-

tion.

Table Ill. Retrieved volume mixing ratio profiles

Altitude Pressure Temperature Volume mixing ratio

(kin) (mbar) (K) CH, (ppmv) N_O (ppbv) N:Os (ppbv)

39.5 3.0 246.2 0.48 (5) 8.0 (7) -
37.5 4.0 241.7 0.49 (5) 10.3 (10) 1.64 (49)

35.5 5.3 237.0 0.68 (7) 22 (2) 1.92 (56)

33.5 7.1 231.5 0.64 (6) 28 (3) 2.06 (47)

31.5 9.5 226.0 0.87 (9) 66 (6) 1.95 (42)

29.5 12.8 223.0 0.81 (8) 79 (8) 1.60 (33)
27.5 17.5 220.4 0.93 (9) 99 (10) 1.26 (28)

25.5 23.8 217.9 1.08 (11) 165 (17) 0.85 (20)

23.5 32.4 215.6 1.17 (12) 209 (21) -

ppmv - 10 4 per unit volume, ppbv - 10 -9 per unit volume. Values enclosed in parentheses are
1-a total uncertainties in units of the last quoted digit.
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DETERMINATION OF TOTAL OZONE OVER MAUNA LOA [;SING

VERY HIGH RESOLUTION INFRARED SOLAR SPECTRA

Shelle J. David. Sheryl A. Beatom Mary H. Anderberg and Frank J. Murcray

Department of Physics, University of Denver

Ahstract. A rely high resolution infrared Fourie, transform

spectrometer has been used to record solar spectra at the
Mauna Loa Observatory in Hawaii. Spectra are nolmally

taken one day a week at sunrise. These spectra have been

analyzed for ozone and N,O total columns, and the ozone

column compared with the value reported by the Mauna

Loa Dobson spectrophotometer. Aside from the FTIR

reporting about 5f/_ lower values than the Dobson (which

may be due to a systematic difference in the treatment of

tropospheric ozone), the FTIR and Dobson agree to

within 2.7r5_ (RMS) during this period.

Introduction

Ozone has long been recognized as one of the most

important atmospheric trace gases. V.arlv interest in the

compound was due to its role in atmospheric radiation

exchange. As a result, measurement of ozone colunm

abundances and profiles were generally supported by

various national meteorological offices. Long-term ozone

records are solnewhat sporadic because of the variation of

national funding.

Stratospheric ozone absorbs much of the solar UV-B

radiation before it reaches the earth's surface, thus

reducing the likelihood of skin cancer in humans. The

possibili_' that changes in ozone could have serious health

effects was first raised as a serious issue in conjunction

with the environmental effects of the SST (supersonic

transport). Since that time, research on the ozone layer

has concentrated on determining the extent to which

man's actMties can result in the depletion of the strato-

spheric ozone laver.
Ozone also has several strong absorption bands in the

middle infrared, some of which occur in regions that

would otherwise be nearly transpa,ent ("atmospheric

windows"). Thus, in addition to heating the stratosphere

by absorbing solar UV, ozone plays a significant role in

the atmospheric greenhouse effect.

While the initial measurement of atmospheric ozone by

observing, the absorption of solar radiation in the ultravio-

let was performed by Fabry and Buisson [1913, 1921 ]. the
first extensive, systematic measurement program was

carried out by Dobson and his collaborators [Dobson. et

al. 1926. 1927, 1929, 1930]. Dobson was also responsible

for development of instrumentation for the measurement
of the total column on a routine basis IDobson. 19571. As

noted, the importance of ozone in atmospheric processes

Copyright 1993 by the American Geophysical Union.

Paper number 93GL02470
0094-8534/93/93GL-02470503.00

was recognized by the meteorological community and

instruments of the Dobson design were installed at

meteorological observatories around the world. Upgraded

versions of these instruments are still in use at many

locations. The Dobson instrument and processing algo-

rithm have been the subject of man)' studies to determine

the absolute accuracy of the measured column. With

properly maintained and operated instruments, relative

accuracy of l_h or better can be achieved [Grass et al.,

1992]. The absolute accuracy is more difficult to estimate.
The standard coefficients used differ by 3_7t from more

recent values, while other known error sources are about

1'/, IWMO. 19881-
Ozone has strong absorption around 9.6/Jm due to the

v t and v, vibration rotation bands. These bands occur in

the 8-12/,im atmospheric window. The bands are very

complex, consisting of thousands of individual absorption

lines. As recently as 1986. the molecular parameters

required to accurately calculate the ozone absorptions
were known to be incorrect. A new analysis of the

available experimental data by Flaud et al. 11992] has

greatly improved parameters for these bands. Also,

instrumentation has been developed within the last decade

that can measure isolated single absorption lines and their

shapes. For the first time, accurate ozone amounts can be
determined from observations of the absorption of solar

radiation in the infrared.

The Network for Detection of Stratospheric Change

(NDSC) (see KuD'lo. 1991) is establishing an obsep,'ing
station at Mauna koa Observatory (MLO), Ha_vaii. As

part of a preliminary stud)', we have been recording

infrared solar absorption spectra in the 8-14/_m region

once a week since November, 1991. The instrument being

used is a very high resolution Fourier transfolm interfer-

ometer system (FTIR). MLO has an atttomated Dobson

instrument which has been measuring total column ozone

amounts for many years. In this study we do a prelimi-

nary comparison of the results obtained with the FTIR

and the Dobson techniques.

Instrumentation

The solar spectrometer used in this stud), is a slightly
modified commercial FTIR system built by BOMEM. inc.

of Quebec. Canada. It has a 2.50 m maximum path

difference. For most of the data used in this study,

spectra were obtained at 5 millikayser resolution (200 m

path difference with apodization). The interferometer is

controlled by a personal computer and the data is record-

ed on the hard disk. At the end of a run the data are

transferred to digital audio tapes (DAT). One DAT

remains at MLO for backup, and a copy is mailed to

Denver about once a month.
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The interferometer is housed in a small dome. Solar

radiation is directed through the wall into the i,lterferome-

ter entrance by an automatic biaxial solar tracker.
Currently. the system must be started by an operator.
Since many of the chemical constituents of interest to the
NDSC occur in trace amounts, long atmospheric paths are
desired SiLO staff record spectra shortly after st, arise
once each week. weather permitting. Normally. the
observations are made on Wednesday. Occasionally. data

are taken more frequently by t!niversity of Denver

personnel while servicing the instrument or for satellite
intercomparisons.

Analysis

A non-linear least squares spectral fitting algorithm

(SFIT) has been adapted for use on IBM compatible
personal computers by C. R Rinsland (NASA l.angley.
private communication). The program performs a line-by-
line layer-by-layer calculation using the HITRAN molecu-
lar data base [Rothman. 1992], or other parameters as
desired. The program adjusts the amount of ozone by
multiplying a starting ozone profile by a scaling factor.
When the best fit is achieved, the totai amount of ozone

(and any other chemical compot, nds with absorptions in
the spectral interval) is calculated. The plogram also
adjt, sts several instrument parameters including the 100r,_
transmission level and frequency shift. Figure 1 shows an
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Fig. 1. Top: Example of a solar spectrum (dotted line)
used m this analysis, along with the calculated best fit

spectrum (solid line). The spectrum was collected at 6:38
local time on May 13. 1992. Solar zenith angle 79.6:'.
Bottom: Difference between the observed and calculated

spectra.

example of a solar spectrum, along with the calculated
best fit spectrum. The ozone lines chosen we,e isolated
and only weakly tenlperature dependent. This region
includes two prominent ozone absorptions, several weaker
ozone lines, and a strong line due to N,O. Input for the
calculations includes the atmospheric temperature and

water xapor profile from the ttilo. Hawaii radiosonde
launch on the morning of the obserxation, the HITRAN
1992 database, and an initial ozone profile based on a

seasonal average of ozone sonde data (S. Oltmans.
NOAACMDL personal communication. 1992). The N,O

profile was the ATMOS midlatitude zonal average
[Gunson et al. 1990 I. with a 6 km upward shift to account
for the high tropopause over Hawaii. The difference be-
tween the observed and calculated spectra is shown below

the spectra on an expanded scale. ]-he residuals show a
predominantly random noise component except for a few
points near the ozone lines with larger exct, rsions. The
larger residuals are probably due to the real ozone
altitude profile being different than the average profile
used bv the algorithm, but the total column is insensitive
to the shape of the stratospheric part of the p,ofile.

Each day's data consists of 3 spectra covering 800 to

1250 Kaysers. collected at 3 different solar zenith angles.
Two small spectral intervals are fitted for each of the
spectra. The intervals and lines used are listed m Table I.
These fits result in 6 ozone and N.,O values, unless some

of the spectra are discarded. Spectra are rejected if they
appear t, nusual, or if the residuals are too large. The
individual fit values are averaged to determine the ozone
andN,Ocolulnns. Each column amount included here is

tile average of at least 2 separate fits.

Results

The Dobson data used here was st, pplied by tile WMO
World Ozone Data Center (lbronto. Canada). The mean
total ozone column determined by the FTIR is 4.6(/, lower
than the Dobson. After mt|ltiplying FTIR rest, Its by
1.046. the RMS difference betwee|l the FTI R and Dobson

is 2.7G. Figure 2 shows the total coh, mn ozone measured
by the lx_o techniques (after multiplying the FTIR by
1.046) for the period November 1. 1991 through Septem-
ber 6. 1992. when nleasurements were available on the
same day. Measurements were made using both tech-

Table 1. Significant ozone lines used in
Frequency is in Kavsers (v,avenumbers).
Kaysers,(molecule cm :) at 296K.

the calculation.

strengths are in

Region I
1145.85-1146.45

Frequency Strengdl

Region _'
1162.85-1163.45

Frequency Strength

1145.9136 2.10E-22
1145.9470 2.47E-22
1146.1352 8.34E-23
1146.1807 1.26E-22
1146.2613 4.27E-22
1146.4715 3.95E-22

1162.9140 3 _9E "Y_
1163.0110 2.52E-23
1163 -I._ _ ';TF "Y_
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Fig. 2. Total column ozone measured by the FTIR and

Dobson techniques, after multiplying the FTIR values by

1.046.

niques on 29 days. Even though the observations were

made on the same day. they are not coincident in time,

and the natural variability of ozone column is fairly large.

Discussion

The agreement between the FTIR and Dobson after

removing the bias is surprisingly good. We have not yet

done a detailed error budget for the retrievals, however,

the N,O columns have an RMS deviation of less than

2.2":_. The absolute accuracy of the ozone column

retrieved depends upon several factors, including the line

parameters and systematic errors in the retrieval. For the

comparison done here, the absolute accuracy of the line

intensities is of less importance than the accuracy relative

to the UV cross-sections used by the Dobson instrument.

Since the determination of the infrared intensities is

almost ahvays done by measuring the ozone amount using
the UV cross-sections, the IR to [IV accuracy is quite

high. Pickett et al. [1992] claim 1¢4 on the average for

this process. However. individual lines, which are used

here. may differ by as much as 5_;;. Our two intervals are

self consistent to less than 2U_. Pickett et al. also find that

the ozone line intensities for this band on the HITRAN

database should be multiplied by 1.051. This would

further reduce the column reported by the F-HR making

it 9.9(/r lower than the Dobson. On the other band, we

believe that using recent values of absorption for the

Dobson data processing would reduce the FTIR and

Dobson discrepancy by about 3';.

The techniques respond differently to changes in the

vertical distribution of ozone. Surface ozone, monitored

at MLO, can change by more than a factor of 2. If this

change occurred throughout the troposphere, a significant

(= 10r/c) difference in the total column would result. We

use a tropospheric ozone profile which increases slightly

with altitude up to the tropopause, with a surface value of

45 ppbv. Because of pressure broadening of the ozone

lines at low altitudes, this VIIR retrieval would report

almost the same column for larger or smaller tropospheric

amounts. The Dobson technique would report achange

m the column.

Although we know of no other direct comparisons

between infrared and Dobson techniques. L,V and FTIR

instruments have been compared on aircraft [Margitan et

al., 1989], and aircraft borne FTIR systems compared to

TOMS [Toon et al.. 1992]. "loon et al. noted a 59_ bias

between infrared and TOMS ozone values outside of the

Arctic vortex. They attribute the difference to a discrep-

ancy in infrared and ultraviolet cross sections, however,

they notice the opposite bias inside the vortex. The

infrared line intensities used may have to be adjusted due

to the recent changes. Margitan et al. report a compari-

son of FTIR and UV measurements from aircraft over

Antarctica. They noted very good agreement on one

flight, and some separation between two different FrlR

instruments on a second flight. However. their ozone line

intensities would have to be increased by either 9_/c (to

match the 1992 ItlTRAN database) or 14(/r (to agree

with Pickett et al.), resulting in too low FTIR reported

columns,

Conclusions

The results of this study are extremely encouraging,

even though it is based on a relatively small sample of

overlapping measurements. The two techniques differ so

widely in instrumentation, analysis, and spectroscopic

properties, that the agreement to such high precision

reinforces accuracy of both.

We have difficulty accounting for the 10(/r bias implied

by the Pickett et al. values for the line strengths.

The data set is expanding rapidly, and further work is

in progress. Comparison between FTIR and Dobson data

will be done for other sites, and we are also trying to im-

prove the FTIR retrieval for tropospheric effects.
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-fne P2 and 2u 2 - l,2 bands of t4N 1602: Electron Spin-Rotation and

Hyperfine Contact Resonances in the (010) Vibrational State

A. PERRIN, "_ J.-M. FLAL'D,* C. CAMY-PEYRET,* A. GOLDMAN,+ F. J. MURCRAY,f

R. D. BLATHERWICK,+ AND C. P. RINSLAND:_

* Laboralo_re de Physique 31o/dctda;re el Applications. t C.VR5, Universitd Pct M. Curie, Bte 76,

4 Place Jus_eu, 75252 Paris Cedex 05. France. tDepartment of Physics, l_'ni_er._itl" olDenver,

Denver, Colorado 80208." and ¢..-l;mospheric Sciences Dirision, ?<-ISA Langle) Research Center,

Hampton, Virginia 23681-0001

High-resolution Fourier transform spectra covering the 720-920 cm -_ spectral region have

been used to perform a reanalysis of the v: band ((010)-(000) vibrational transition) together

with the first analysis of the 2,,: - ,,: hot band of nitrogen dioxide ((020)-¢010) vibrational

transition ). The high-qualit.,, spectra show that. for numerous v: lines, the hyperfine structure is

easily obser_ able in the case of resonances due to the h.vperfme Fermi-type operator. By performing

a full treatment of the spin-rotation and of the h.vperfine operators, a new line list of the v: band

(positions and intensities) has been generated, and it is in excellent agreement with the expedmenlal

spectrum. Also. a thorough anabsis of the 2v2 - v2 hot band has been performed leading to an

extended set of new (020} spin-rotation levels. These levels, together with the [( 100L (020),

(001) } spin-rotation levels deduced previousl3 from the analysis of the _,,, 2v:, and v, cold bands

performed in the 6.3- to 7.5-urn spectral range [A. Pen-in, J.-M. Flaud. C. Camy-Peyret, A.-M.

Vasserot, G. Guelachvili, A. Goldman. F. J. Murcray. and R. D. Blatherwick. d. 3[ol. Spectrosc.

154, 391-406 ( 1992)] were least-squares fitted, allowing one to derive a new set of vibrational

band centers and rotational, spin-rotation, and interaction constants for the I ( 100 )1020 }(001 ) }

interacting states of _4N LrO:. _ 1993 a.cademic Press. Inc.

I. INTRODUCTION

The cold v2 band and the 2v2 - v2 first hot band of nitrogen dioxide, located at 13

_m, correspond, respectively, to the (010 )- (000) and (020)- (010 ) vibrational tran-

sitions of this molecule; consequently, in order to have accurate line positions it is

necessary to have precise parameters for both the upper and the lower vibrational
states involved in these transitions.

For the (000) and (010) vibrational states, the most recent spectroscopic parameters
were obtained from a simultaneous fit of the available microwave or double resonance

data (Refs. (1-8) and (9, 10) for the (000) and (010) state, respectively) and of the

infrared spin-rotation energy levels obtained from recent analyses of Fourier transform

spectra recorded in the far infrared (11) and in the 13.3-/am (12) spectral regions.

In the analysis of the (000}-(000) band, even at the high resolution of the far-

infrared experimental spectra, the hyperfine structure is usually not detectable, except

in cases of local resonances due to the Fermi contact hyperfine operator. Accordingly,
the line list (11, 13, 14) of the pure rotation region of NO2 (_0-200 cm -_) was

generated by explicitly taking into account the spin-rotation and hyperfine structures.

On the other hand. Ibis effect could not be obserxed so accurately in the 13.3-urn

experimental spectrum which was used in Ret: (12) for the analysis of the w. band,

t I.aboratoire associ, a aux Universitrs P, et M. Curie et Paris-Sud.

0022-2852/93 $5.00
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and consequently the line list {]2-14) gcneraled in _lac 13.3-urn spectral range did

;7or include the h.xperfine structure.
For the (020) vibrational state, the most recent spectroscopic parameters were ob-

tained from a recent anahsis (]5) of the v_. 2<,. and _,_bands I(100)-I000). (020)-

(000). and (001)-(000) vibrational transitions, respectively) using Fourier transform

spectra (15. I6) covering the 6.3-urn region. Actually the 1001 / state is invohed in a
strong Coriolis interaction with tile (020) and ( 100 1 states, and the veo' weak 2_,2

band borrows its intensity from the strong z,__band. In tact. only the K, = 0-2 subbands

for .\: m 46 (because they appear in a clear window bet_veen _,_and <_] and the K, =
6 subband for 19 _< N m 62 (because the corresponding (020/ levels are strongly

resonating with levels of (001) state) could be analyzed at 6.7 um(15-]7). Finally.

it must be pointed out that for the energy level calculations of the { (100), (020).

(001) } interacting vibrational states, both the spin-rotation and the vibrational Co-

riolis-type interactions were explicitly taken into account, but that the hyperfine struc-
ture was not considered:

(i) For the A-type v3 band. which is by far the strongest band at 6.3 urn. the hyperfine

resonances affect only some v3 nonresolved doublets, the spin splittings of which vanish

in the upper and lower levels of the transition. In this case. the hyperfine structure is
blended within the total line _ idth. and the hyperfine components cannot be observed.

(it) Because of the weakness of the _,_and 2v2 bands the hyperfine structures cannot

be precisely measured on the spectra and consequently the hyperfine resonances were

not considered for these bands.

Using new high-resolution Fourier transform spectra recorded in the 13.3-um spectral

region, we report in this paper a reanalysis of the v: band (with a full treatment of the

hyperfine structure), together a ith a first analysis of the hot 2v2 - v2 band of t_N _O2.

II. EXPERIMENTAL DETAILS

The spectra were recorded in the 720-960 cm-_ spectral range at 0.002 cm-J res-
olution with the BOMEM Fourier transform spectrometer of the University of Denver.

The optical path length was 1 m. and two spectra were recorded at NO., pressures of
1 and 2 Torr. The calibration of the spectra was performed by means of N:O absorption

lines (18. ]9) in the 1150-1250 cm -_ region, and the accuracy of the positions of

unblended lines is estimated to be _0.0002 cm

111._NALYSIS _ND LINE POSITION C_LCULATIONS

The v: Band

The analysis was started by comparing the experimental line positions to the line
list calculated in Ref. (12). O_ erall, the agreement was excellent except for transitions

in which the upper or the lo_er state are invoh'ed in a hyperfine Fermi resonance.

Consequently, a new line list was generated for the v_,band. taking into account not

only the electron spin-rotation interaction, but also. as described in Ref. ( 11 ) for the

(000) state, the magnetic hyperfine hamiltonian (i.e.. the Fermi contact operator to-

gether with the spin-spin dipolar interaction operators ) and the nuclear quadrupole
interaction. For this calculation we used the vibrational band center, rotational, spin-

rotation, and h.vperfine constants of Ref. (12) and Ref. (11), respectively, for the

upper and lower state of the transition.
The agreement this time proved to be excellent for all the lines. Ho_ ever. we obse_'ed

a -0.0004 cm-_ global shift of the observed line positions relative to the calculated
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ones. \_hich is duc to a sli_hzl\ diflcrcn_ calibration of the spectra used in the prescnt
_ork { 18. /9) compared to that used (201 in 19SS. This leads to a difl'crent vibrational 1

band center ofthe v: band: E,,,_o_= 749.65256l cm _ (instead of74c_.652961 cm

obtained previously in Ref. 112)).
To show the quality of_he experimental spectra and of the calculations performed

in the present work. _e show in Figs. 1 and 2 portions around 771.8 and 758.0 cm -_

of the experimental spectra together with line-by-line calculations performed using
either the line list generated in Ref. (I2) ( no hy perflne structure I or the line list derived

here (full treatment of the hyperfine operators). In both regions, the improvement

brought by the new calculation is very' clear.
In the first spectral region, the complex hyperfine structure appears clearly in the

N = even RO_,.;=_ subband. At 771.30 and 771.64 cm -_ i1 is due to a strong hyperfine
resonance involving the (010/[22 2 20] and (0t01120 2 18] rotational levels. At 772

crn -_ . since the resonance is weaker, one obser_'es mainly a broadening of the N =

18 doublet structure. The same hyperfine effect can be clearly observed in Fig. 2

around 758 cm -_ for lines belonging to the ROut,=0 subband. It is worth stressing that

in both cases the new calculation, which involves the h.vperfine operators, reproduces

the experimental spectrum with high accuracy.

Tire 2v2 - _'2 Band

Lines from the 2v2 - _', band were already obserxed in the experimental spectrum

(12) which was used in 1988 for the analysis of the 13.3-_m band of nitrogen dioxide.
However. because this hot band is weak and because the (020) spectroscopic parameters

available at that time were not precise enough ( only the K, = 0. 1.2 (020) series were

derived from the analysis of the 2v2 band performed at 6.6/am (17) ). only a few lines

involving the K_ = 0, 1.2 (020) rotational series could be analyzed at 13.3 urn.

The (020) parameters were recently significantl.\ improved from a new analysis of

the {v_, 2v,, v3 } interacting bands (15). Indeed. more lines involving the K_ = 0. 1,
2 series were assigned: also. lines involving the Ko = 6 rotational series of (020).

which borrow their intensities from _3 through a Coriolis interaction, were ob-

served ( 15. 16).
Consequently. from the '1100). (020). (001)I and {010) parameters obtained in

Ref. (15) and l_ef. (12) respectively, it has been possible to better predict the 2_'2 -

z,2line positions, as performed in the present analysis.
Because the 2_,2 - _'2band is rather weak. only transitions of this band inxotving .V

_< 30 rotational quantum number could be identified in the spectrum. For transitions

involving the Ko = 0-2 and K, = 6 I020) energy !evels. the agreement betx_een the
obserxed and the predicted line positions was excellent, but this x_as not completely

the case for lines involving the Ko = 3-5 (020) rotational levels since small discrepencies

(up to 0.0030 cm -* ) were observed. Using these new data. we then determined the
vibrational band centers, rotational, spin-rotation, and coupling constants of the

{(100), (020). (001)} resonating states..as in Ref. (15) the Hamiltonian matrix
explicitly takes into account both the Coriolis and the spin-rotation interactions. For
this least-squares fit calculation, the 164 (020) new spin-rotation energy levels obtained

in the present work for Ko 4 6 and N _ 30 were combined to the 3230 (100) (001)

and (020) energy levels obtained in Ref. (15).
Table I gives the list of vibrational energies and rotational, spin-rotation, and cou-

pling constants deduced from the fit. together with their estimated uncertainty. The
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FIG. 1. Experimental spectrum ( bottom trace ) of nitrogen dioxide around 771 cm-_ and calculated spectra

of the absorption due to the _N _O: isotopic species: trace SI and $2 are for the _,: band. respecti,.:ely,

without and _ilh taking into account the h}perfine s:ructure: 'trace $3 is for the 2J,z - _': hot band (no

calculation of _he h.vperfine structure l. All spectra ha',e the same _ enical scale but are displaced for clarity.

On trace SI _e ha_e marked the rotational _ransi/ions belonging :o the gQ_,;._ subband _black dots and

open circles correspond to J = .V _ _, and J = .V - !. respecuxel} _. ]he agreement betx_een obserxation

and calculauon is excellent.

corresponding statistical anal?sis of the results is given in Table II. It is clear that

significant improvements were obtained in the present calculation for the (020) spin-
rotation lexels and to a lesser extent for the (001) levels compared with the results

obtained previously (15): the percentages of experimental energy levels which are

reproduced within 0.001 cm -_ are now 84.5 and 79.1_-_ instead of 69.5 and 77% for

(020) and (001), respectively.

IV. SYNTHETIC SPECTRA

This section presents the calculations 2 which have been performed in order to gen-

erate a precise line list of absorption lines of _aN _O2 in the 13.3-urn region.

' Both calculations _ere performed for a reference temperature of 296 K using a Z_ 296 K) = 13 617.9

partition function (this _alue includes the nitrogen nuclear degenerac} ).
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FIO. 2. Experimental spectrum ( bottom trace ) of nitrogen dioxide around 758 cm -_ and calculated spectra

of absormion due to the _N _O: isotopic species: trace SI and 5"2_are for the _'2 band. respectively, withola

and uuh taking into account the h.xperfine structure- trace $3 is for the 2_,, - _': hot band (no calculation

of the h xperfine structure). All spectra haxe the same vertical scale but are displaced for clarity. On trace

SI. _e have marked the rotational transitions belonging _o _he _QK;.o subband. _black dots and open

circles are for J = N + ! and J = \ - _,. respectixel.x ). The agreement bctx_een observation and calculation

is excellent.

v, Band

For the calculation of the _,_-band we used the v_,transition moment operator obtained

in Ref. (21):

,oot')_w_u' _.= -0.04272_:, - 0.403 X 10 --_', i_,..V_. ', + 0.1083 )-: 10 -) '__-%.i.V, J. ( 1 )

Also. for this calculation the effect of the hyperfine structure was e.xplicitly taken into

account, as described in Ref. (11 ). through the standard tensorial formalism using a

F = J + I and J = N + S coupling scheme.
Finallv. 30 620 line intensities were calculated with an intensity cutoff of 0.1 ×

10-:_ cm-_/molecule cm-: and the following ranges of quantum numbers and energies:

.V_65 K'o_< 13

E'_ < 2600 cm-_ E" _< 2000 cm-
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TABLE l

Vibrational Energies and Rotational. Spin-Rotation. and Coupling Constants l\_r the

', ( 100 }. ( 020 ). 001 } ', Interacting Vibrational States of _N _O:
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IC0 020 001

E 1319.76589

A" 8.0932898e

B" 0A3133685 s

C* 0A0928232 z

a_. (0.285392 e

.._, (-0.20710,

_ {0.30118:
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z 0.00012

0.0000082

z 0.00000067
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: 0.00012) x IC

: 0.00071) x 10 e

0.012) x I0 "s

± 0.0040) x 10 I
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: 0.0014) x 10 _
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x I0_°

x i0 -_z

± 0.00027) x 10 e

z 0.0041) x lO '_
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x 10 ll

x 10 18

: 0.000052

: 0013) x I0 -_

± 0.0013] x 10 "2

z 0.00036) x I0 !

x 10 6

x 10s

x 10 "9

x iO _

x I0 )

x I0 6

x I0 g

5498.34688 ± 0.00027 1616.84918 : 0000089

8.776705 e ± 0.000054 7.77425097 : 000000B0

0.43354531 ± 0.000001S 0.430929549 : 0.00000022

0.4086528 s ± 0.0000017 0.406370829 : 0.000000]8

(0.43885_ ± 0.00037) x I0 "_ (0.2524482 : 0.0000181 x 10 "r

[-0.24104 e ± O.O001l) x !0 "4 (-0.t8874_ : 0,000]0) x I0 "4

(0.29g19= ± 0.00043) x 10 .6 (0.302787 : 0.00074) x 10 "s

(0.8617 ± 0.063) x 10 "_ (0.4657 z ± 0.0070) x I0 s

(0131110 ) 0.0024) • iO ") (0.3417 a : 0.0037) x i0 "_

(0.7503, ± 0.0067) x :0 "s (0.279390 z 0.00013) x I0 -s

-0.44346 x 10 "? {-0.25967 ± 0.0013) x 10 ")

-0.8928 x 10 "1° (0.1044 e : 0.0072) x 10 "s

0.1777 x 10"lz (0.3501 : 0.013) x 10 "Iz

(0.562 z : 0.028) x 10 "I

(0.21_ : 0.141 x I0 i°

(0.1277_ : 0.0067) x I0 )z

-0.13633 x 10 "I (-0.486533 ± 0.00031) x 10 "a

(0.3482 o : 0.0064) x lO "I°

(0.871 ± O,t7) x I0 I_

0.867 x l0 ":1

-0.8439 x i0 ":_

0.219473 ± 0.00037 0.1724336 : 0.000044

(0.|76 s : 0.018) x ]C ") (0.2660} : 0.0043} x 10 "3

(-0.3341_ : 0.0015) x IC "_ (-0.31510_ : 0.00041) x I0 "z

{-0.3064 _ 0.012) x 10 "_ (-0.16757_ : 0.00031) x 10 ")

0.6005 x 10 _

0.1678 x iO "s

0.6322 x 10 _

0,3769 x 10 .6

0.244 x 10 _

0.29673 x 10 "_

-0.3688 x lO "s

hi_ol)(o,o) - {-0.29455Z: ± 0.000088) x 10 I hi_o=){l;cl - -0.656Z879 ± 0.000064

hiO6;?_o_:,. (o.736,:o.o311 _IO-' hi_,_:°_- _-o.9193_±0.oo_61_0"

<=0_)(_ " {o.zs6_:o.o33) _ _o

,Yore. All the results are in cm -] and the quoted errors correspond to one standard deviation. The constants

with no errors _ere held fixed dunng the fit.

The total band intensity was found to be S_(uo_-(ooo_= 0.542 X 10 -'8 cm-'/molecule
cm--" at 296 K.

Because of the rather high proportion of so-called .XF _ _XJ 4= .LV "forbidden"
transitions which were not considered in the 1988 calculation (12), the present cal-

culated lines are more numerous than those in 1988 {30 620 instead of 8065 × 3,

taking into account the (21 + 1 ) = 3 nitrogen nuclear degeneracy).

2u2 -- u2 Band

For the hot 2u_, - v__band, only the spin-rotation fine structure was considered and
its vibrational transition moment constant was determined using the following relation,

valid up to the second order of approximation:

(°:°_w_°_u'_-= V'2× _o,,,.oo,,,, (2)

The 2v2 - v2 line intensities were calculated in the following ranges:
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Statistical Ana!i, sis ol_.he Results for the Energy Levels Calculation

Number of experimental

spin-rotation levels

(;oo) (ozo) (OOl)

1187 374 1833

0 _ &E < IxlO _ 65.8% 84.5% 79.1%

IxlO s _ 8E < 2xIO "3 25.7% !2.8% 15.4%

2x10 3 4 8E < 7.0xlO 3 7.4% 2.7% 5.6%

&E- IE=ts-E:a.:[ in cm;

N_<60 K',_< 10

E' 4 3200 cm -_ E" _< 2600 cm -_

Also. in order to be consistent with the l,, calculation, the intensity cutoff was chosen

to be 0.3 X 10 -za cm-_/molecu le cm-: at 296 K. taking into account the 3I + 1 = 3

nitrogen nuclear degeneracy.
Finally. 4388 lines were calculated for the 2;,, - i'2 band and the sum of all-2

the intensities was found to be S,0_,0)-,0xo_ = 0 "_'735 × 10-19 cm-I/molecule cm

at 296 K.

V. CONCLUSION

Using high-resolution Fourier transform spectra, a new analysis of the v_, band of

_aN :602 involving the h.vperfine structure has been performed for the first time together

with the first extensive anahsis of the 2v: - v: band of this molecule, leading to a very.'

accurate representation of ihe absorption of laN "_O2 in the 13.3-_m region. It must

be mentioned that lines of the >_ band of NO: are visible in the University of Denver

balloon flight spectra of June 1988 (22). and kno_vledge of their parameters ( and lines
of the hot band) may be important in attempts to detect the weakly absorbing lines

of stratospheric CIO in the infrared (23).

RECEIVED" January.' 27. 1993
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fne p2 and 2v2 - 1,2 bands of 14N 1602: Electron Spin-Rotation and

Hyperfine Contact Resonances in the (01 0) Vibrational State

A. PERRIN,* J.-M. FLAUD.* C. CAMY-PEYRET.* A. GOLDMAN.+ F. J. MURCRAY,f

R. D. BLATHERWICK,t AND C. P. RINSLAND:_

* Laborato_re de Physique .tlot_cu]aire el .41_plications. _ C.VRS, L'mver_it_ P. ct 31. Curie, Bte 76,

4 Place Jus_leu, 75252 Parts Cedex 05, France, tDcpartment qfPhysic_', L'niverstty of Denver,

Denver. Colorado 8020& and ¢.AmTospheric Sciences Division. A:4SA Langle.I Research Center,

Hampton, Virginia 23681.0001

High-resolution Fourier transform spectra covering the 720-920 cm -_ spectral region have

been used _o perform a reanal.vsis of the v2 band ((010)-(000) vibrational transition) together

with the first analysis of the 2v,, - v2 hot band of nitrogen dioxide ((020)-(010) vibrational

transition). The high-qualib spectra show that. for numerous v: lines, the h.vperfine structure is

easily observable in the case of resonances due to the h._perfine Fermi-type operator. By performing

a full treatment of the spin-rotation and of the hyperfine operators, a new line list of the v2 band

(positions and intensities) has been generated, and it is in excellent agreement with the experimental

spectrum. Also. a thorough anal._sis of the 2v,, - v: hot band has been performed leading to an

extended set of new (020) spin-rotation levels. These levels, together with the [(100), (020),

(001) } spin-rotation levels deduced previousl._ from the anal_sis of the v_, 2v,. and v_ cold bands

performed in the 6.3- to 7.5-urn spectral range [A. Perrin, J.-M. F'laud, C. Camy-Peyret, A.-M.

Vasserot, G. Guelachvili, A. Goldman. F. J. Murcray. and R. D. Blatherwick, J. Mol. Spectrose.

154, 391-406 ( 1992)] were least.squares fitted, allowing one to derive a new set of vibrational

band centers and rotational, spin-rotation, and interaction constants for the ',( 100 )(020)(001 ) }

interacting states of _4N L_O:. _, 1993 _,cademic PresS, Inc.

I. INTRODUCTION

The cold v2 band and the 2v_, - v2 first hot band of nitrogen dioxide, located at 13

#m, correspo rid, respectively, to the ( 010 ) - (000) and (020) - ( 010 ) vibrational tran-

sitions of this molecule; consequently, in order to have accurate line positions it is

necessary to have precise parameters for both the upper and the lower vibrational
stales involved in these transitions.

For the (000) and (010) vibrational states, the most recent spectroscopic parameters
were obtained from a simultaneous fit of the available microwave or double resonance

data (Refs. ( 1-8 ) and ( 9, 10) for the (000) and ( 010 ) slate, respectively) and of the

infrared spin-rotation energy levels obtained from recent analyses of Fourier transform

spectra recorded in the far infrared (11 ) and in the 13.3-urn (12) spectral regions.
In the analysis of the (000)-(000) band, even at the high resolution of the far-

infrared experimental spectra, the hyperfine structure is usually not detectable, except

in cases of local resonances due to the Fermi contact hyperfine operator. Accordingly,
the line list (1I, 13, 14) of the pure rotation region of NO., (_0-200 cm -_) was

generated by explicitly taking into account the spin-rotation and hyperfine structures.
On the other hand, this effect could not be observed so accurately in the 13.3-urn

experimental spectrum which was used in Ref. (12) for the analysis of the v_, band,

' l.aboratoire associ_ aux Universit_s P. et M. Curie et Paris-Sud.
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and consequently the line list t]2-/41 generated in the 13.3-um spectral range did

not include the hyperfine structure.
For the (020) vibrational state, the most recent spectroscopic parameters were ob-

tained from a recent analysis{ ]5) of the v_. 2v:. and z,) bands (( 1001-(0001. (020)-

(000). and (001 )-(000) vibrational transitions, respectively ) using Fourier transform

spectra ( 15, 16) covering the 6.3-_m region. Actualb the (001) state is involved in a

strong Coriolis interaction uith the (020) and (I001 states, and the very weak 2v:

band borro_vs its intensity from the strong ,,__band. In fact. only the K, = 0-2 subbands

for ,V _ 46 (because they appear in a clear window between _,_and _,)) and the K_ =
6 subband for 19 _ N _ 62 (because the corresponding (020) levels are strongly

resonating with levels of (001) state) could be analyzed at 6.7/_m (15-17). Finally.

it must be pointed out that for the energy level calculations of the { (100), (020),

(001)} interacting vibrational states, both the spin-rotation and the vibrational Co-

riolis-type interactions were explicitly taken into account, but that the hyperfine struc-
ture was not considered:

(i) For the.4-type v_ band. a hich is by far the strongest band at 6.3/_nl. the hyperfine

resonances affect only some v3 nonresolved doublets, the spin splittings of which vanish

in the upper and lower levels of the transition. In this case. the hyperfine structure is
blended within the total line width, and the hyperfine components cannot be observed.

(it) Because of the weakness of the z,_and 2v, bands the hyperfine structures cannot

be precisely measured on the spectra and consequently the hyperfine resonances were
not considered for these bands.

Using new high-resolution Fourier transform spectra recorded in the 13.3-pm spectral

region, we report in this paper a reanalysis of the v_,band (with a full treatment of the

hyperfine structure ), together with a first analysis of the hot 2v2 - v: band of _aN 1_O2.

It. EXPERIMENTAL DETAILS

The spectra were recorded in the ?20-960 cm -z spectral range at 0.002 cm -n res-

olution with the BOMEM Fourier transform spectrometer of the University of Denver.

The optical path length was Im. and two spectra were recorded at NO__ pressures of

I and 2 Torr. The calibration of the spectra was performed by means of N:O absorption

lines (18. 19) in the II50-t250 cm -_ region, and the accuracy of the positions of
unblended lines is estimated to be _0.0002 cm -_

III. ANALYSIS _ND LINE POSITION C:d_CUL._TtONS

The v: Band

The anal._sis was started by comparing the experimental line positions to the line
list calculated in Ref. (12). Ox erall, the agreement was excellent except for transitions

in which the upper or the loxver state are involved in a hyperfine Fermi resonance.

Consequently, a new line list was generated for the v: band, taking into account not

only the electron spin-rotation interaction, but also. as described in Ref. (I1) for the

(000) state, the magnetic hyperfine hamiltonian {i.e.. the Fermi contact operator to-

gether with the spin-spin dipolar interaction operators) and the nuclear quadrupole
interaction. For this calculation we used the vibrational band center, rotational, spin-

rotation, and hyperfine constants of Ref. (12) and Ref. (11), respectively, for the

upper and lower slate of the transition.
The agreement this time proved to be excellent for all the lines. However. we obsera'ed

a -0.0004 cm-_ global shift of the observed line positions relative to the calculated
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ones. x_hich is due to a sli_i_.tlx diffcrem calibratio_ of the speclra used ill d_c prcsci_t

_ork ( 18. IV) compared to _b,at used ( 201 in 10SS. This leads to a different vibrational

band centerofthe_'zband: E,,v_ = 749.652561 cm _ (instead of 740.652961 cm

obtained previously in Ref. (12/).
To show the quality of the experimental spectra and of the calculations performed

in the present work, _e show in Figs. I and 2 portions around 7"71.8 and 758.0 cm -t

of the experimental spectra together with line-b.v-line calculations performed using

either the line list generated in Ref. ( 12 ) ( no h.xperflne structure I or the line list derived

here (full treatment of the h.vperfine operators). In both regions, the improvement

brought by the new calculation is very clear.
In the first spectral region, the complex hyperfine structure appears clearly in the

N = even RQA,;=j subband. At 771.30 and 771.64 cm -_ it is due to a strong hyperfine
resonance involving the (010/[22 2 20] and (010)[20 2 18] rotational levels. At 772

cm -_ , since the resonance is weaker, one observes mainly a broadening of the N =

18 doublet structure. The same h.vperfine effect can be clearly observed in Fig. 2

around 758 cm -_ for lines belonging to the RQ_%=(, subband. It is worth stressing that

in both cases the new calculation, which involves the hyperfine operators, reproduces

the experimental spectrum x_ith high accuracy.

The 2_,2 - u2 Band

Lines from the 2,, - ,,- band were already observed in dae experimental spectrum

(12) which was used-in 1988 for the analysis of the 13.3-urn band of nitrogen dioxide.
However, because this hot band is weak and because the (020) spectroscopic parameters
available at that time were not precise enough ( only the/x'o = 0. 1.2 (020) series were

derived from the analysis of the 2v2 band performed at 6.6 um(17)), only a few lines

involving the K, = 0.'1.2 (020) rotational series could be analyzed at 13.3 urn.

The (020) parameters were recently significantly improved from a new analysis of

the { et, 2v_,, v3 } interacting bands (15). Indeed. more lines involving the K_ = 0. 1,
2 series were assigned; also. lines involving the K_ = 6 rotational series of (020).

which borrow their intensities from _,_ through a Coriolis interaction, were ob-

ser_,ed ( 15. I6).
Consequently. from the ',(100), (020J. (001)i and (010) parameters obtained in

Ref. (151 and l_ef. (12) respectively, it has been possible to better predict the 2_,2 -

,2 line positions, as performed in the present analysis.
Because the 2_'z - _'2band is rather weak. only _ransitions of this band involving .V

<_ 30 rotational quantum number could be identified in the spectrum. For transitions

involving the K, = 0-2 and /x', = 6 (020) energ._ ]evels. the agreement between the
obserxed and the predicted line positions was excellent, but this was not completely

the case for lines involving the K_, = 3-5 (020) rotational levels since small discrepencies

(up to 0.0030 cm -_ ) v_ere obserxed. Using these new data. we then determined the
vibrational band centers, rotational, spin-rotation, and coupling constants of the

{(100), (020). (001)} resonating states. As in Ref. (15) the Hamiltonian matrix
explicitly takes into account both the Coriolis and the spin-rotation interactions. For
this least-squares fit calculation, the 164 (020) new spin-rotation energy levels obtained

in the present work for K_ _< 6 and N _< 30 were combined to the 3230 (100) (001)

and (020) energy levels obtained in Ref. (15).
Table I gives the list of vibrational energies and rotational, spin-rotation, and cou-

pling constants deduced from the fit. together with their estimated uncertainty. The
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FIG. I. Experimental spectrum (bottom trace ) of nitrogen dioxide around 771 cm-_ and calculated spectra
of the absorption due to the _'_.N _'O- isotopic species: trace S1 and $2 are for the v: band. respecti,.ely.

without and _ith taking into account the h_perfine structure: trace $3 is for lhe 2_,: - _.2hot band (no

calculation of the h._perfine structure ). All spectra ha_e the same _er-tical scale bul are displaced for clarity.

On trace Sl _e haxe marked the rotational _ransitions belonging _o the _Q_,:._ subband i black dots and

open circles correspond to J = .V - _ and J = V - !. respecti_eb _. ]-he agreement be_een observation

and calculation is excellent.

corresponding statistical analysis of the results is gixen in Table II. It is clear that

significant improvements were obtained in the present calculation for the (020) spin-

rotation lexels and to a lesser extent for the (001) levels compared with the results

obtained previously (15): the percentages of experimental energy levels which are

reproduced within 0.001 cm -] are now 84.5 and 79.1_ instead of 69.5 and 77% for

f020) and (001), respectively.

IV. SYNTHETIC SPECTRA

This section presents the calculations z which have been performed in order to gen-
erate a precise line list of absorption lines of _4N _eO2 in the 13.3-_m region.

2 Both calculations v,ere performed for a reference temperature of 296 K using a Z1296 K) = 13 617.9

partition function (this _alue includes the nitrogen nuclear degenerac._ I.
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FIG. 2. Experimental spectrum I bottom trace ) of nitrogen dioxide around 758 cm -_ and calculated spectra

of absorption due to the '_N teO: isotopic species: trace SI and 5"2_are for the ,,: band. respectively, wilholll

and uilh taking into accounl the h._perfine structure: trace $3 is for the 2;,_. - ,': hot band (no calculation

of the hyperfine structure)• All spectra have the same xenical scale but are displaced for clarity. On trace

SI. _e have marked the rotational transitions belonging to the RQ_.o subband. _black dots and open

circles are for J = \'4- _ and J = .\ - 1. respectb ely ). The agreement between observation and calculation

is excellent.

v2 Band

For the calculation of the v: band we used the v=transition moment operator obtained

in Ref. (21):

'°_""_°_°>,u'__= -0.04272¢, - 0.403 × 10 -:_', is: , . .',_-', + 0.1083 >: 10 -_', ,;:. i.V, }. ( l )

Also, for this calculation the effect of the hyperfine structure was exl_/icilly taken into

account, as described in Ref. ( 11 ). through the standard tensorial formalism using a

F = J + I and J = N + S coupling scheme.
Finallv, 30 620 line intensities were calculated with an intensity cutoff of 0.1 x

10-:_ cm-_/molecule cm-: and the following ranges of quantum numbers and energies:

.V_<65 K;_ < 13

E' _< 2600 cm-_ E" _< 2000 cm-
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Vibralional Energies and Rotational, Spin-Rotation. and Coupling Constants for the

_ ( 100"}, (020). CO01 ) i Interacting Vibrational Stales of S4N _Oz

461

I00 020 001

E 1319.75589 ± 0.00012 1498.34588 ± 0.00027 1616.84918 : 0.000089

A" 0.0932898_ ± 0.0000082 8.775705_ ± 0.000054 7.774250g_ : O.O0000BO

B" 0.43133685s ± 0.00000067 0.43354531 ± 0.0000015 0.43092954 s z 0.00000022

C" 0.40928232 z ± 0.00000037 0.4086528 s ± 0.0000017 0.406370B2_ : 0.00000018

,__ (0.285392 s ± 0.000015) X l0 _ (0.438857 ± 0.00037) x 10 "z (0.252448 l = 0.000018) X 10 "z

,._, (-0.20710 i ± 0.00012) x I0"_ (-0.24104 e ± 0.000111 x 10 "4 (-0.188744 : 0.00010) x I0 "a

_ [0.30118: ± 0.000711 x 10.5 (0.299191 ± 0.00043) x _0 "5 (0.302787 : 0.00074) X 10 "6

&_ (0.5186 _ 0.012) x 10s (0.8617 ± 0.053) x 10 .5 (O.4657 z C 0.0070) X 10 "s

&_ (0.29876 ± 0.0040) x 10.7 {0.3111 o ± 0.0024) x i0 "1 (0.3417 e _ 0.0037) x 10-1
H,_ (0.33722 z ± 0.00011) I 10s (0.7503_ ± 0.0067) x :0 "s (0.279390 _ 0.00013} x 10 .5

I'_, (-0.2823 o ± 0.00141 x 10 l -0.44346 x 10"t (-0.2596 r ± 0.00131 x 10)

H_ (0.ZZ04 ± 0.087) x 10":0 -0.B928 x 10-l° (0.10445 : 0.0072) x 10"9

H_ (0.330 s _ O.071) x 10":_ 0.1777 x 10"12 [O.360 z ± 0.0131 x 10"12

h_ (0.378_ ± 0.029) x 10 l (0.562_ = 0.028) x 10-?

h_ -0.2571 x 10z° (0.211 = 0.14) x 10 "l©

h_ 0.10727 x t0 -iz (O.1277z : 0.0057) x 10"zz
L; (-0.55356 e ± 0.00027) x 10 "e -0.13633 x 10"z (-0.48653] _ 0.00031) x 10"e

L_ N (0.3250_ ± 0.00411 x 10 "i° (0.34820 : 0.0064) x 10 xo

L_N {0.325 o ± O.0411 x l0 ;z (0.871 = 0.27) x 10"1_

p_ 0.867 x 10Lz 0.867 x 10-;l

Q_ -0.8439 x 10-z4 -O.8439 x 10-;4
_d 0.163418 e ± 0.000052 0.21947_ ± 0,00037 O.172433_ z 0.000044
(_b 10.230 o ± 0.013) x 10.2 (0.1769 = 0.018) x ]0 "_ (0.2660j : 0.0043) x 10_

* _c (-0.3327 o ± 0.00131 x l0 _ (-0.334] 4 _ 0.00151 x 10z (-0.315107 ± 0.00041} x 10-z

_s (-0.184303 _ 0.00036) x 10 _ (-0.306_ _ 0.012) x 10"1 (-0.16757 s z 0.0003]) x ]0 "_

_ _ 0.6005 x 10 ,5 0.5006 x IO -_

,._ 0.1678 x 10"_ O.1678 x 10s

_s 0.6322 x 10_ 0.6322 x 10"_

6_ s 0.3769 x 10-5 0.3769 x 10 .5
6; s 0.244 x 10"9 0.244 x ]0"_

H_s 0._9573 x 10"s 0.29673 x 10.5

L__ -0.3568 x I0"_ -0.3568 x 10"_

hi_o_}(©zo} . (-0.Z94SSZ_ ± O.OOOO88) x 10= hi_o_}_=_ - -0.565287_ z 0.000064

hi_o;_lozo) - (0.736, ± 0.031) x 10"I hi_,l(,col - (-0.9193_ ± 0.0096) x 10'

Note. All the results are in cm -= and the quoted errors correspond ze one standard deviation. The constants

with no errors_ere held fixed during the fit.

The total band intensity was found to be S_o_0)-(0oo_ = 0.542 × I0 -_8 cm -_/molecule

cm -2 at 296 K.

Because of the rather high proportion of so-called AF 4= ._XJ _a _,\, "forbidden'"
transitions which were not considered in the 1988 calculation (12), the present cal-

culated lines are more numerous than those in 1988 (30 620 instead of 8065 × 3,

taking into account the (21 + 1) = 3 nitrogen nuclear degeneracy).

2v2 - v2 Band

For the hot 2v2 - v_,band, only the spin-rotation fine structure was considered and
its vibrational transition moment constant was determined using the following relation,

valid up to the second order of approximation:

_"2('"°'°'u';= _"5x ,,.,,,_,o_,,... (2 )

The 2u2 - v2 line intensities were calculated in the following ranges:
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T-%BLE II

Statist cal Analysis ol-the Results for the Energ} Levels Calculation

Number of experimental
spin-rotation levels

(ioo) {ozo) (oo:)

1187 374 1833

O _ LE < IxlO _ 65.8% 84.5% 79.1%

IxlO -3 _ _E < 2xlO "3 28.7% !2.8% 15.4%

2xlO "_ _ 6E < 7.0xlO "3 7.4% 2.7% 5.6%

6E- IE:ts-E:_::l in cm"_

N _<60 K;, _< 10

E' _< 3200 cm -_ E" _ 2600 cm -_

Also, in order to be consistent with the p: calculation, the intensity cutoff was chosen
to be 0.3 X 10 -:4 cm-1/molecu le cm-: at 296 K. taking into account the 3I + 1 = 3

nitrogen nuclear degeneracy.
Finally. 4388 lines were calculated for the 2L, - v2 band and the sum of all-2

the intensities was found to be S_o2o)-_o_o_ = 0.2735 × 10 -19 cm-_/molecule cm

at 296 K.

V. CONCLUSION

Using high-resolution Fourier transform spectra, a new analysis of the v2 band of

_N _602 involving the h.vperfine structure has been performed for the first time together
with the first extensive analysis of the 2z,2 - _'2band of this molecule, leading to a vers'

accurate representation of ihe absorption of _"N _6Oz in the 13.3-t_m region. It must

be mentioned that lines of the _,_band of NO: are visible in the University of Denver
79balloon flight spectra of June 1988 ( -- ). and knowledge oftheir parameters (and lines

of the hot band) may be important in attempts to detect the weakly absorbing lines

of stratospheric CIO in the infrared (23).

RECEIVED: Januars.' 27. 1993
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Atmospheric Sulfur Hexafluoride" Sources, Sinks and Greenhouse Warming

_,_ALCOLMK. W. KO, 1 NIEN DAK SZE, l WEI-CHYUNG WANG, 1'2 GEORGE SHIA, 3 AARON GOLDMAN, 4

FRANK J. _[URCRAY, 4 DAVID G. MURCRAY, 4 AND CURTIS P. RINS LANDs

Model calculations using estimated reaction rates of sulfur hexafluoride (SF6) with OH and O(ID)
indicate that the atmospheric lifetime due to these processes may be very long (25,000 years). An

upper limit for the UV cross section would suggest a photolysis lifetime much longer than 1000 years.
The possibility of other removal mechanisms are discussed. The estimated lifetimes are consistent
with other estimated values based on recent laboratory measurements. There appears to be no known

natural source of SFr. An estimate of the current production rate of SF6 is about 5 kt/yr. Based on
historical emission rates, we calculated a present-day atmospheric concentrations for SF6 of about 2.5

parts per trillion by volume (pptv) and compared the results with available atmospheric measurements.
It is dit_cult to estimate the atmospheric lifetime of SF 6 based on mass balance of the emission rate
and observed abundance. There are large uncertainties concerning what portion of the SF6 is released
to the atmosphere. Even if the emission rate were precisely known, it would be dil_cult to distinguish
among lifetimes longer than 100 years since the current abundance of SF6 is due to emission in the past
three decades. More information on the measured trends over the past decade and observed vertical
and latitudinal distributions of SF6 in the lower stratosphere will help to narrow the uncertainty in the
lifetime. Based on laboratory-measured IR absorption cross section for SFr, we showed that SF 6 is .
about 3 times more effective as a greenhouse gas compared to CFC 11 on a per molecule basis.

However. its effect on atmospheric warming will be minimal because of its very small concentration.
We estimated the future concentration of SF 6 at 2010 to be 8 and 10 pptv based on two projected

emission scenarios. The corresponding equilibrium warming of 0.0035°C and 0.0043°C is to be

compared with the estimated warming due to CO, increase of about 0.8°C in the same period.

I. INTRODUCTION

The Earth's atmosphere contains a trace amount (-few

parts per trillion) of SF6. Earliest measurements [Krey et al.,

1977; Singh et al.. 1977] indicated concentrations of less than

1 part per trillion by volume (pptv) in the 1970s. Although

there is no continuous long-term global monitoring of this

gas, intermittent samplings [Singh et al., 1977, 1979; Leifer

et al., 1982] and sampling of ocean water [Watson and

Liddicoat, 1985] have indicated an increasing trend. Recent

papers by Rinsland et al. [1990a, b] and Zander et al. [1991]

provided additional evidence for the increasing trend. The

possibility that SF 6 may contribute to the global warming

was raised by Ramanathan et al. [1985, 1987], but no

quantitative assessment was made by the authors.
Assessment of the greenhouse warming impact of the

species requires knowledge on its radiative property and

information on its lifetime and atmospheric budget so that its

future abundance in the atmosphere can be predicted. Our

understanding of the life cycle (or budget) of atmospheric

SF6 was hampered, in part, by the lack of global emission

data. This paper discusses some of its commercial applica-

tion and usage and provides an estimate of worldwide

production of SF6, from which a global emission rate is

derived and extrapolated for the next 20 years. The second
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objective of the paper is to estimate the atmospheric lifetime

of SF 6 using several different approaches: estimates based

on a known mechanism (e.g., photolysis and atmospheric

oxidation) and/or mass balance method. The third objective

is to calculate the radiative forcing of SF6 based on our

recent laboratory infrared absorption cross section and to

compute the expected warming over the time period 1950--

2010 according to several emission scenarios.

2. USES OF SULFUR HEXAFLUORIDE AND SOURCES

OF ATMOSPHERIC EMISSIONS

2.1. Applications for Sulfur Hexafluoride and Emission

Sources

Sulfur hexafluoride has a unique combination of chemical,

physical, and electrical properties which make it ideally

suited for some very specialized industrial applications. By

far, its largest use (approximately 80% of production) is for

insulation of electrical equipment. The material's high di-

electric strength and unique arc-quenching ability have en-

abled the development of safe, reliable gas-insulated high-

voltage circuit breakers, substations, transformers, and

transmission lines. Sulfur hexafluoride provides an effective

alternative to insulating oils (which suffer from high mainte-

nance costs, disposal problems, and safety problems due to

the flammable oil). SFr-insulated equipment also has impor-

tant advantages over vacuum- or air-insulated equipment

which require more space and are not well suited for

switching very high voltages.

There are two main sources of emission from SFr-

insulated electrical equipment. SF6 can escape from the

container through seals and gaskets. Older equipment is

prone to leak in this manner as it is typically pressurized to
0.015-0.03 N m-Z (100--200 psi) with SF 6. Newer designs for

SFr-filled switchgear allow operation at near-ambient pres-

sure and have greatly improved seals giving rise to leakage

rates of less than l%/yr. Emissions may occur when SFr-

10,499
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TABLE 1. Estimated Production Rate of SF 6

Year Kiloton/Year Year Kilotort/Year

1953 0.01 1975 1.50
1954 0.03 1976 1.82
1955 0.04 1977 2.14
1956 0.05 1978 2.50
1957 0.05 1979 2.82
1958 0.10 1980 3.14
1959 0.16 1981 3.45
1960 0.16 1982 3.82
1961 0.19 1983 3.82
1962 0.33 1984 4.00
1963 0.44 1985 4.00
1964 0.55 1986 4.50
1965 0.68 1987 4.50
1966 0.68 1988 5.00
1967 0.68 1989 5.00
1968 0.64
1969 0.73
1970 0.77
1971 0.91
1972 1.09
1973 1.18

1974 1.18

The 62.6 kt SF6 released to date. Assumes all SF 6 produced are

emitted to the atmosphere in the same year.

filled equipment is opened for servicing, which typically

occurs after several years of operation. Earlier many utilities

simply vented the SF 6 to the atmosphere prior to servicing.

The rapid increase in the concentration of atmospheric SF 6

observed during the 1980s may largely be attributable to

these sources. However, present standard industry practice

minimizes losses as the gas is evacuated from the equipment,

purified, and stored until the equipment is ready to be

refilled. The recent improvements in equipment and gas

recycling will tend to mitigate future increases.

Another use (5-10% of production) is in blanketing or

degassing molten reactive metals [MacNeal et al., 1990].

Sulfur hexafluoride can be used to replace CFCs or chlorine

in aluminum degassing. Dilute blends (5 vol % or less) of SF 6

and an inert gas (nitrogen or argon) are bubbled through

molten aluminum to remove solid impurities and entrapped

hydrogen. Almost no sulfur hexafluoride escapes the molten

metal as it readily reacts to form aluminum fluoride. Blan-

keting of magnesium during alloying and casting is another

but much smaller application. Unlike aluminum degassing,

most of the SF 6 is not consumed during this process.

There are a number of smaller applications for sulfur

hexafluoride. One of significance to atmospheric scientists

has been its use as a tracer. Because of sulfur hexafluoride's

very large electron capture cross section, detection of this

gas below the parts per trillion range is possible. It has been

used as tracers of pollutants in urban areas [Drivas and

Shair, 1974; Vandeborght et al., 1982] and as a discharge

testing agent for halon 1301 fire suppression systems.

2.2. Historical Production and Release Data

Yearly production or sale volumes have never been re-

ported; however, a rough estimate puts the 1989 world

production rate at about 5 kt/yr. Estimates for the historical

release rate are available for the years 1953 to 1974 [see Krey

et al., 1976]. The emission estimate shown in Table i was

assembled by combining the emission estimates by Krey et

al. [1976] for the period prior to 1974 with a roughly linear

interpolation for the years 1974-1989 using the emission rate

for 1974 and the estimated production rate for 1989. These

estimates are only approximate because the amount of gas

that is banked inside electrical equipment is highly uncer-

tain. While this bank has never been thoroughly investi-

gated, it appears that it could contain more than 50% of each

year's production, particularly for the past 5 to 10 years.

Thus the values given after 1974 should be considered as the

upper limits, assuming none of the SF 6 is banked. The

emission by 1989 could be as low as 2.5 kt if 50% of the

production are indeed banked. The previously mentioned

improvements in electrical equipment design (better seals)

and gas recycling practices during maintenance combined

with the retirement of older (more leak prone) equipment

will eventually mean that nearly all the SF6 that goes into

this application will never be released.

3. ATMOSPHERIC LIFETIMES AND ABUNDANCE OF SF 6

Two approaches have been used to estimate the atmo-

spheric lifetime of trace gases. The first one utilizes a

numerical model to calculate the lifetime based on our

knowledge of specific removal mechanism such as reactions

with reactive species (O(ID), OH), photolysis, hydrolysis,

etc. [cf. Cicerone, 1979]. Alternatively, the lifetime may be

derived, without knowing the specific removal mechanism,

from the observed trends of the concentrations in the atmo-

sphere together with the knowledge of the historical emis-

sion rates [cf. Krey et al., 1977; Prinn et al., 1983; Cunnold

et al., 1983]. Other more indirect approaches include con-

sideration of the vertical distribution and/or interhemi-

spheric asymmetries. This information is often helpful in

pointing to the existence of other possible sources or sinks in

the atmosphere.

3.1. Observed Abundance and Lifetime

Measurements of the tropospheric concentrations of SF 6

have been reported by Singh et al. [1977, 1979, 1983],

Rasmussen et al. [1981], Rasmussen and Khalil [1983], and

Watson and Liddicoat [1985]. Additional data have been

reported using remote sensing techniques from space plat-

form [Rinsland et al., 1990a], balloon platform [Rinsland et

al., 1990b], and ground-based stations [Zander et al., 1991].

Stratospheric concentrations from aircraft sampling program

Project Airstream have been reported by Krey et al. [1977]

and Leifer et al. [1982]. Additional information on the

vertical distribution of SF6 were reported from the ATMOS

data [Rinsland et al., 1990a] and balloon data [Rinsland et

al., 1990b]. These results are summarized in Figures 1-3.

Results reported by Singh et al. [1977, 1979, 1983] indicate

that the average surface concentrations for 1977 and 1981

were 0.31 and 0.9 pptv, respectively, for the northern

hemisphere and 0.27 and 0.8 pptv, respectively, for the

southern hemisphere. The data reported by Zander et al.

[1991] show the average tropospheric concentration at 32"N

were 1.76 pptv in 1981 and 3.18 pptv in 1990. The results

from Rinsland et al. [1990a, b] show average concentra-

tions between 12 and 18 km of 1.17 pptv in 1981 and 2.02

pptv in 1988. Each data set, taken by itself, shows an

increasing trend in the SF 6 concentration. As summarized

by Zander et al. [1991], trends in the atmospheric concen-

tration of SF 6 have been reported based on the individual



KO ET AL.: SF 6, SOURCES, SINKS AND GREENHOUSE WARMING 10,501

3.5

2,5

g_
2

E

_.5

8

1

O.S

0

SF 6 Trends with no loss

47*N, 2 km ]

.... 47°N, 13 km [

___ ,,'.,,,kin I ._

- - 1YI
,,oN V.I- l

/57," 2 ,,j. "_"

,,_. , 1 i , I , , , , I

1970 1975 1980 1985 1990

Year

3.5

3

A

2.5

c

1.5

8

1

0.5

0

1970

b SF 6 Trends with CFC 11 Loss Rate

47°N, 2 km T
i

.... 47°N. 13 km /

-- -- - 47°N. 19"kin l /

--. -- 47"N. 22km l _ ._

_.. J

1975 1980 1985 1990

Year

• Krey (NH <10 kin) • Krey (NH <10km)

O Krey (NH 14-18 kin) 0 Krey (NH 14-18 kin)

E3 Leiffer (NH Slral) r7 Leiffer (NH Strat)

• $ir_jh (NH Surface) • Sin<jh (NH Surface)

• Zandet (47°N. Trop) • Zander (47"N, Trop)

• Rasmussen (45°N. surface) • Rasmussen (45°N, surface)

•< Wa! & Lid (470N, surface) < War & Lid (47°N, surface)

Fig. 1. The calculated mixing ratio of SF 6 at 470N for selected altitudes. (a) From case 1, calculated assuming no
photochemical removal. (b) Calculated assuming that the local photochemical removal rate is the same as that of CFC
11. The observed concentrations are included for comparison. Since we are comparing the results to a zonal mean
mode. we decided to show only the average concentration cited by the authors rather than individual data points.

data sets. Because the data were obtained at different

geographical locations and because of possible differences in

absolute calibration, it is difficult to combine the data sets to

form time series for trend analysis. Watson and Liddicoat

[1985] also reported seawater concentration and derived a

trend for the atmospheric concentration based on the con-

centration profile of SF 6 in the water. However, in the

absence of reliable estimates for historical emission rates, it

remains difficult to derive a lifetime from the trends.

Krey et al. [1977] used the aircraft data between 1974 and

1975 to estimate the tropospheric and stratospheric burdens

of SF 6 and CFC 11. A two-box model was used to calculate

the burdens for this time period using historical emission

rates between 1953 and 1975. Comparison of the observed

and calculated burdens led Krey et al. [1977] to conclude that

SF 6 and CFC 11 have similar stratospheric lifetimes of about

2 years, which translated into an atmospheric lifetime of

about 30 years. However, there is considerable uncertainties

in both the emission rates and the observed burden derived

from the observations.

Indeed, the derived lifetime for CFC 11 appears to be in

conflict with recent findings. The analysis of Cunnold et al.

[1986] used ground-based data of CFC 11 at five monitoring

stations over a 5-year period between 1978 and 1983. Re-

gression analysis comparing the observed trends at the five

stations with the calculated trends from a nine-box model

yielded a lifetime for CFC I1 of 74(+31, -17) years. A

lifetime as short as 59(+ 18, -11) years was obtained using

the data from a single station. Recent updated estimates

based on 10 years of data are 41 and 47 years depending on

analysis method used [Kaye and Penkett, 1993].

3.2. Kinetic Data and Estimates for Atmospheric

Lifetime

Ravishankara et el. [1992] reported a measured rate for

reaction with O(tD) (I.8 × 10 -14 cm 3 s-t), estimated upper

limit for reaction with OH (<5 × 10 -19 cm 3 s-l), and

measured photolysis cross section at Ly a wavelength (1.8 ×

10 -18 cm"). Ravishankara et el. [1992] calculated a lifetime

due to photolysis of about 13,500 years and a lifetime due to

reaction with free electrons in the mesosphere of about 4200

years. Their best estimate for the atmospheric lifetime due to

photochemical reactions in the atmosphere is 3200 years.

Using the AER two-dimensional model, which explicitly

calculates the OH and O(ID) concentrations, we calculated

the steady state atmospheric lifetime of SF 6 to be longer than

60,000 years. With the upper limit value for the OH reaction,

reactions with OH and O(tD) contribute about equal

amounts to the removal rate. According to Hertzberg [1966],

SF 6 absorbs UV radiation only below 110 nm. Measure-
ments made on the UV cross section indicate an upper limit

of 2 × 10 -22 cm 2 between 185 and 300 nm (R. Bray, private

communication, 1989). If one assumes a UV absorption

cross section of 2 × 10 -2" cm 2 for wavelength less than 240

nm and zero for wavelength longer than 240 rim, one obtains

a photolysis lifetime of about 1000 years. This estimated

lifetime will be much longer as the cutoff shift to wavelengths

shortward of 240 nm. Other removal mechanisms include

electron capture and ion reactions [see Fershenfeld, 1971]. If

these reactions are assumed to be effective only in the

ionosphere, estimated lifetimes will be of the order of 105

years.
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Same as Figure I except the results arc for 28°N.

Apart from atmospheric removal processes, surface re-
moval mechanisms should also be considered. Watson and

Liddicoat [1985] reported a Henry's coefficient in distilled
water at 20°C of 1.7 x 10 -4 (mol/liter/atmosphere), Their

measured atmospheric concentration and seawater concen-
tration would imply a Henry's coefficient of 2.0 x 10 -4

(tool/liter/atmosphere) assuming equilibrium. Unless there is
a fast hydrolysis rate (k > 10 -_ s-l), lifetime due to ocean

3.5

a
SF 6 Trends with no loss

3

2.5

1.5

,5 1

0.5

0

1970

[ _ 47_S. 2km

.... 47"S. 13 km
:..--- 47"S, 19 km

--.-- 47"S. 22 km

/

• , , , , l i l i i I , i l l I i , . , t

1975 1980 1985 1990

Year

3.5

2.5

i
2

1.5

`5 1

b
SF 6 Trends with CFC 11 Loss Rate

0.5

0
1970

47°S, 2 k.m

.... 47"S, 13 km

----- 47"S, 19 km

--. -- 47"S,22km
.. 47_S, 25kaI .''"

1975 1980 1985 1990
Year

• S_ngh (SH Sudace)

. Ra.unuu_ (SP ,Sudan)

O FUndand (47"S, >20 kin)

• Slngh (SH Surface)

,, Rasmussen (SP Sudace)

O PJnstand (47"S, >20 km)

Fig. 3, Same as Figure 1 except the results are for 47"S.
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Fig. 5. Calculated mixing ratio for SF6 for 1975 assuming that

the local photochemical removal rate is the same as that ofCFC 11.

The emission rates are as given in Table 1.

removal is also estimated to be of the order of 104 years and

longer. (See Wine and Chameides [1989] and Butler et a[.

[1991] for a discussion of estimating ocean removal lifetime.)

The same argument would indicate that lifetime due to

washout is long. We do not have any estimate for lifetime

due to dry deposition. The lifetime is likely to be long based

on the inert nature of SFr.

3.3. Model Results

With the emission rates given in Table 1, we used the AER

two-dimensional model [Ko et al., 1991; Weisenstein et al.,

1992] to calculate the atmospheric concentration of SF 6.

Results from two simulations will be presented. In both

cases the emissions are assumed to be restricted to the

northern hemisphere between 23 ° and 62°N. Case 1 corre-

sponds to the calculation assuming no photochemical re-

moval in the atmosphere. In case 2 the photochemical

removal rate for SF 6 is assumed to be identical to that of

CFC 11, corresponding to a model-calculated steady state

atmospheric lifetime of 49 years.
The calculated latitude-height cross sections for the mix-

ing ratio of SF6 for 1975 are shown in Figures 4 and 5 for

cases 1 and case 2, respectively. The calculated tropospheric

burden is about 0.4 pptv with variations over latitude and

altitude. In both cases the mixing ratio at the southern

mid-latitude is typically about 20% smaller than the mixing

ratio at northern latitude. The burden in case 2 is 10%

smaller than that in case 1. The largest difference between

the two cases is seen in the stratosphere with case 2 showing

a much sharper vertical gradient reflecting the effect from the

imposed stratospheric removal. The calculated concentra-
tions in case 1 show little variation with altitude above 19 km

indicating that SF 6 is well mixed in the stratosphere. The

altitude profiles for the average mixing ratio in the northern

hemisphere are shown in Figure 6 together with the derived

average profile for the northern hemisphere reported by

Krey et al. [1977, Table 2]. Note that even in case I the

mixing ratio is not uniform in the troposphere because the

species is not in steady state. The vertical profile shows that

the concentration at 25 km is typically 70% of the tropo-

spheric concentration in case A. The calculated scale heights

in cases 1 and 2 around 20 km are consistent with the

1974-1975 Project Airstream data [Krey et al., 1977] and the

mixing ratio profile derived from the ATMOS data

[Rinsland et al., 1990a].
The calculated annually averaged concentrations of SF6

between 1970 and 1990 at selected altitudes for 47"N, 28"N,

and 47"S are shown in Figures 1-3, respectively. Included in

the figures are the observations discussed in the previous

section. Note that since the emission is increasing with time,

the stratospheric mixing ratio consistently lags behind the

tropospheric mixing ratio by about 4 years for case 1.
In an ideal situation where the emission history and the

atmospheric concentration are precisely known, comparison

60
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Fig. 6. Calculated vertical profiles of the average mixing ratio of
SF6 for the northern hemisphere. The profiles of Krey et al. [1977]
are included for comparison.
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of the calculated concentration with observation could pro-

vide validation of the assumed lifetime. Two features could

be used in the comparison. The first is the calculated burden

at any point in time. The second is the vertical gradient of the

mixing ratio.

Comparison of the measured concentrations indicates that

an uncertainty of at least 10% exists in the burden derived

from measured concentrations. The emission data in Table 1

indicate that 62.6 kt of SF 6 would have accumulated in the

atmosphere if there is no removal. An assumed lifetime of 49

years and 100 years would imply that the burden by 1989 is

15 and 10% smaller, respectively. Given these uncertainties,

we estimate that it is difficult to use the observed burdens to

distinguish lifetimes longer than 100 years. In addition, the

uncertainty in the calculated burden due to uncertainty in the

emission rate is of the same order. If we assumed that only

a portion of the manufactured SF6 is released to the atmo-

sphere and that the fraction varies linearly from 1 in 1976 to

0.5 in 1989, the accumulated burden in 1989 (assuming no

removal) would be 48.7 kt, or 22% smaller. Given the

uncertainty associated with deriving atmospheric burden

from sampled data and the uncertainty in the emission rate,

the available data base on the observed concentration of SF 6

is of limited utility in distinguishing among lifetimes of 100

years or longer.
The second approach is the analysis of vertical gradient in

the stratosphere. The model results showed that the calcu-

lated concentration in the lower stratosphere for cases 1 and

2 could differ by a factor of 3 (0.5 pptv versus 1.5 pptv) in the

present-day stratosphere. In the past this approach has been
faced with the difficulty of determining whether the data

collected from limited locations and times represent the

climatological mean. Recent works associated with the var-

ious aircraft campaigns [Schoeberl et al., 1989; Hartmann et

al., 1989; Plumb and Ko, 1992] showed that simultaneously

measured values of a dynamical or chemical tracer could be

used to help interpret the measured values. Concentrations

of N20, a good chemical tracer, is available from the Project
Airstream data that cover the time period from 1974 to 1979

[Krey et al., 1977; Leifer et al., 1982]. Work is under

progress in collaboration with R. Leifer (Environmental

Measurement Laboratory, Department of Energy (DOE)) to

reexamine the data. Additional data in the lower strato-

sphere around the ER 2 altitude will be extremely useful in

differentiating the lifetimes.

4. IR ABSORPTION DATA AND GREENHOUSE CALCULATION

4.1. Absorption Band Data

SF 6 has been identified, along with CF4 and C2F 6 as one

of many man-made species whose concentration may be

increasing and may have a greenhouse effect [e.g., Ra-

manathan et al., 1985]. Measurement was made in the

Allied-Signal Laboratory (R. Bray, private communication,

1989) to obtain the spectral absorption coefficient at 0.125

cm-I resolution in the spectral region. 640-1225 cm -I taken

at background N2 pressure of 0.()1, 0.1, and 1.0 atmosphere

at room temperature. The major band has band limits

915-960 cm -l. The spectra in this region for the 0.01

atmosphere background case is shown in Figure 7. The

spectra for the other backgrounds are almost identical. The

integrated band strength is given in Table 2, together with

AND GREENHOUSE WARMING
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Fig. 7. Absorption cross section of SF6.

reported measurements from previous work. The values

reported in this work are typically I0 to 20% larger than

previous measurements.

4.2. Long-Wave Flux

Because of the small gas concentration in the atmosphere

we use the mean absorption coefficient approximation to

calculate the radiation flux for the individual absorption

bands. In this treatment the layer absorption in the fre-

quency interval Ani is approximated by

A i = 1 - exp (-kiu)

where u is the gas amount in the layer and k i = Si/Ani is the

mean absorption coefficient over the band with band

strength Si.

The validity of the mean absorption coefficient approxi-

mation can be verified by comparing the results with more

detailed calculations employing the high-resolution data.

The previous results using molecules with a similar absorp-

tion feature suggest that the mean absorption coefficient

approximation is a good approximation for concentration up

to a few parts per billion by volume (ppbv).

4.3. Greenhouse Effect

The mean absorption coefficients calculated from the

spectral data were used in the AER one-dimensional RC

model [Wang and Molnar, 1985] to calculate the direct

surface warming due to SF6 with a uniform concentration of

1 ppbv. In the calculation it is assumed that SF6 does not

TABLE 2. Integrated Band Strength of SF6

Band Strength,

Reference cm - atm at STP

Schatz and Hornig [1953]
Schachtschneider [1960]
Kim et al. [1980]
Brodbeck et al. [1980]
Dunn et al. [1982]

Chapados and Birnbaurn [1988]
McDowell et al. [1986]
This study, 0.01 atm N2 pressure
This study, 0.1 atm N: pressure
This study, 1.0 arm N: pressure

4800
4702
6072
4908
4742
4845
4729
5898
5456
5425
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TABLE 3. Global Warming Potential (GWP) of SF s for Various
Assumed Lifetimes

GWP

50.000

Lifetimes, 4o.c_o

Species years 20 I00 500

CFC 11 55 4500 3400 1400 _ 30.000

SFs 55 13500 10200 4200 ._
SF 6 200 15300 17400 14000
S F 6 2000 16000 21600 33800 _ 20.000

SF 6 5000 16100 21900 37200 ta
SF6 _ 16100 22100 38100 10.ooo

affect the concentrations of other greenhouse gases through

photochemical interaction. The data with the largest inte-

grated band strength (i.e., data taken at N: background of

0.01 atmosphere) was used to calculate the upper limit of the

SF6 greenhouse effect. The results indicate a greenhouse

warming of 0.43°C/ppbv, compared to 0.14°C/ppbv for CFC

11 calculated using the same model [Fisher et al., 1990]. The

results suggest that on a per parts per billion by volume basis

the greenhouse effect is larger than that of CFC 11 by a

factor of 3. Note that the calculations do not account for the

temperature dependence of absorption data.

Values for the global warming potential (GWP) [see Inter-

governmental Panel on Climate Change (IPCC), 1990] for

different integration time horizons are given in Table 3. Since

we are not certain about the lifetime for SF6, we have

calculated the result for a range of lifetimes. The GWP for

CFC 11 is also given in the table for comparison.

5. SCENARIO CALCULATIONS

To assess the potential greenhouse effects from future SF6

emissions, calculations were made to obtain the equilibrium

surface warming for two hypothetical emission scenarios.

The emission rates are given in Table 4. In both scenarios 1

and 2 it was assumed that even with growing demand, the

atmospheric release rate would stabilize after the year 2000.

TABLE 4. Projected Emission Rate for SF6 in Kilotons

Year Scenario 1 Scenario 2

1990 5.5 5.5
1991 5.9 5.9
1992 6.4 6.4
1993 6.4 6.8
1994 6,4 6.8
1995 6.4 6.8
1996 6.4 6.8
1997 6.4 8.2

1998 6.4 9.1
1999 6.4 10
2000 6.8 10
2001 6.8 10
2002 6.8 10
2003 6.8 10
2004 6.8 10
2005 6.8 I0
2006 6.8 10
2007 6.8 10
2008 6.8 10
2009 6.8 10
2010" 6.8 10

*Assume constant after 2010.
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Fig. 8. (a) The calculated surface concentration and (b) equi-
librium warming between the years 1950 and 2010 for two emission
scenarios as described in Tables 1 and 2. Results are shown for
lifetimes of 25,000 years and 200 years.

With improvements in the design of electrical equipment,

gas recycling, other conservation measures, and the aware-

ness of potential climate impact, this assumption does not

seem unreasonable.

The calculated concentrations between 1950 and 2100 are

shown in Figure 8a for two cases corresponding to an

effective infinite lifetime (i.e., no removal) and a lifetime of

200 years. The latter case is included for comparison pur-

pose. There is no observational evidence to indicate that the

atmospheric lifetime is shorter than 1000 years. The corre-

sponding equilibrium warming given by the product of the
concentration and our calculated warming of 0.43°C/ppbv is

shown in Figure 8b. The equilibrium warming corresponds

to the equilibrium response to the instantaneous forcing due

to presence of the greenhouse gas. This is sometimes re-

ferred to as the potential realizable warming [see Hansen et

al., 1989]. Actual temperature response will be different

because of time delay due to the heat capacity of the Earth

climate system and the time scale for transport of heat into

the deep ocean. The calculated equilibrium warming by 2010

is about .004"C. These values are to be compared with the

estimated equilibrium warming for the other trace gases in

the same period as summarized in Table 5.

The projected warming due to CO z and other trace gases

in 2100 is estimated to be between 2°C to 5°C depending on

assumed emission [see IPCC, 1990]. The projected SF6

warming is about 0.02°C.
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TABLE5. GreenhouseWarmingDuetoIncreasesinCOz,CFC
II,andCFC12Between1950and2010

Changein Estimated
Species Concentrations Warming, °C

C02 300-368 ppmv* 0.82_"
CFC 11 0--286 pptv$ 0.04§
CFC 12 0--544 pptv:_ 0.11 §

Ko ET AL.: SF 6, SOURCES, SINKS AND GREENHOUSE WARMING

*Based on assumed increase of 0.4%/yr after 1990.

l'Based on estimates from Lacis et al. [1981].
:_Projected concentrations from the World Meteorological Orga-

nization [1990] report based on the assumption that the emissions of
CFC 11 and CFC 12 will be reduced to 5% of the current emission

rates by the year 2000.
§Based on 0.14*C/ppbv and 0.20*C/ppbv for CFC 11 and CFC 12,

respectively.

6. CONCLUDING REMARKS

The atmospheric lifetime of SF6 due to photochemical

removal by any known mechanism is estimated to be longer

than a thousand years. However, lifetime as short as 200

years cannot be ruled out immediately based on the limited

measured tropospheric concentrations and emission rates.

Based on stratospheric measurements obtained in the 1970s,

a lifetime similar to that of CFC 11 has been suggested [Krey

et al., 1977]. This appears to be unlikely based on prelimi-

nary analysis of more recent stratospheric data. Refinement

of worldwide emission data together with additional mea-

surement of SF6 in the lower stratosphere and/or long-term

monitoring from ground-based stations will be useful in

reducing the uncertainty associated with the lifetime and will

provide a more accurate determination of the global warming

potential. However, based on the experience of the Atmo-

spheric Lifetime Experiment-Global Atmospheric Gases Ex-

periment (ALE-GAGE) program [Cunnold et al., 1983,

1986], this may require monitoring over a time period of the

order of haLf the expected lifetime.

The infrared absorption cross section of SF6 is reported

and found to be in good agreement with previously reported

band strengths. Calculations showed that SF6 is 3 times

more effective as a greenhouse gas compared to CFC 11 on

a per molecule basis. However, based on projected emission

scenarios, the calculated concentration is small. The ex-

pected warming from SF6 through 2010 is small (0.004°C)

compared to the warming from CO2 and other trace gases

(0.8°C).
The discussion presented here illustrates a multidiscipline

approach in which the laboratory kinetic data, emission

information from the manufacturers, and field measurements

are interpreted in the context of the present-day atmosphere.

This approach could be used to evaluate other greenhouse

gases. The utility and limitation of this method will depend

on the quality of the data for each individual species.
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MT. PINATUBO SO2 COLUMN MEASUREMENTS FROM MAUNA LOA

A. Goldman, t F. J. Murcray, _ C. P. Rinsland, 2 R. D. Blatherwick, t
S. J. David, t F. H. Murcray, t and D. G. Murcray t

Absorption features of the vt band of SOz have
been identified in high resolution infrared solar absorption

spectra recorded from Mauna Loa, Hawaii, on July 9 and 12,
1991, shortly after the arrival of the first eruption plume
from the Mr. Pinatubo volcano in the Phillipines. A total

SO2 vertical column amount of (5.1 + 0.5) x 10_6molecules
cm -z on July 9 has been retrieved based on nonlinear least-

squares spectral fittings of 9 selected SOz absorption features
with an updated set of SO2 spectral parameters. A SOs total
column upper limit of 0.9 × 1016 molecules cm -2 deduced
from measurements on September 20-24, 1991, is consistent

with the dispersion of the SO_ cloud and the rapid conversion
of the SO2 vapor into volcanic aerosol particles.

Introduction

Lidar observations at Mauna Loa Observatory (MLO),
Hawaii, indicate the initial arrival of the Mount Pinatubo

volcanic plume above that station on July 1, 1991, followed
by 3 generalized pulses or waves on approximately July 3,
July 24, and August 9 [DeFoor et al., 1991]. Fortuitously,
we recorded broadband IR solar spectra on July 9-12, 1991,

shortly after the arrival of the first pulse. These observations
provided a rare opportunity to measure a number of
molecular constituents during the early phases of the
evolution of massive volcanic plume. The present paper

reports quantitative analysis of SOs absorption features
identified in these spectra. Additional observations from
MLO recorded on May 11 and September 20-24, 1991, show
no detectable SOs features, and are analyzed to obtain SOs

total column upper limits.

Observations and Analysis

Table 1 summarizes the observations from MLO (19.53 °N,

155.58°W, altitude 3400 m) analyzed in this work. The
solar spectra were recorded with a Bomem model DA3.002
Michelson interferometer system capable of operating at

resolutions up to 0.002 cm -t (full width half maximum
instrumental line shape). The observing runs were conducted

as part of an effort to obtain a baseline of measurements at
MLO for the Network for the Detection of Stratospheric

Change (NDSC) [Kurylo, 1991]. Daily NDSC IR solar
measurements are anticipated to commence at MLO next

year.

t Department of Physics, University of Denver
2 ASD, NASA Langley Research Center

Copyright 1992 by the American Geophysical Union.
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Numerous features of the vt band of SO2 (centered at
1157.71 cm -_) have been identified between 1150 and 1190

cm -_ in the July solar spectra. Figure 1 shows several of
these features in the 1154- and I162-cm -_ regions. The
features are marked by symbols beneath a spectrum from

July 9 (top scan), but they are absent in the spectra from
May 11 (middle scan) and September 22 (bottom scan).
Transitions of O_ and N20 are also identified in Figure 1.
Note that the SO2 and O3 lines are narrow, indicating
maximum concentrations in the layers of low pressure
broadening (i.e., the upper atmosphere). The vl band is
about one order of magnitude weaker in intensity than the v3

band, which is the strongest SO2 band in the infrared.
Unfortunately, the v3 band (centered at 1362.06 cm -_) is

strongly masked from the ground because of strong
attenuation by water vapor and methane absorption. Features
of the SO2 v3 and vt bands have been identified in airborne
solar absorption spectra of the Mt. Pinatubo plume recorded
on July 8-14, 1991, over the Caribbean [Mankin et al.,
1991]. Features of the v3 band were used in the retrievals of

the aircraft spectra.
Improved spectroscopic parameters for the SO2 vl band

have been generated for this investigation. The line positions
were computed from the work of Guelachvili et al. [1984,
1987]. The new line positions are accurate to 0.0004 cm -1
and differ by 0.003 cm -t from the values on the 1986
HITRAN database [Rothman et al., 1987]. The band

intensity of 3.519 × 10 -ta cm-t/(m olecule cm-2) at 296 K on
the 1986 HITRAN compilation [Rothman et al., 1987] has
been retained since no clear revision could be noted based on

the published papers (summarized by Smith et al. [1985]).
The same positions and band intensity have also been
assumed on the 1991 HITRAN compilation (L. S. Rothman,
manuscript in preparation, 1991). As a first approximation,
we adopted a constant air-broadening coefficient of 0.13
cm -t atm -_ at 296 K based on averages of the measurements
of Hinkley et al. [1972] and the theoretical calculations of
Tejwani [1972a,b]. The calculations of Tejwani [1972a,b]
and recent tunable diode laser measurements [Kuhnemann et

al., 1991] indicate that the air-broadening coefficients
generally decline with increasing J quantum number;
incorporation of this decrease will be considered in the next
line parameters compilation update. Most of the SO2 line
groups used here for the spectral quantification have ground
state energies in the range of 20-300 cm t, which correspond
to less than 1% intensity change per 1K at stratospheric

temperatures. The integrated lines absorption is small and
thus insensitive to the halfwidths. The lines of the SOs vt
band are located in a region of relatively strong atmospheric

absorption by 03, H20, N20, HDO, and CH4 lines. Hence,
accurate spectroscopic parameters for these gases were also

required in the analysis. We adopted the spectroscopic
parameters from the 1991 HITRAN compilation (L. S.
Rothman, manuscript in preparation, 1991) for these gases.
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TABLE 1. Summary of Results

Observation Spectral SOz Vertical

Date Resolution Column Amount

(of 1991) (cm -_) (in 10 _6

molecules cm -2)

May 11 0.004 < 0.9

July 9 0.010 (5.1 + 0.5)

September 20-24 0.004 < 0.9

The improvements in the quality of the 03 parameters [Flaud
et al., 1990a,b] were particularly important for accurate
fitting of the spectra. Thus, all the spectral features are well
modeled in the simultaneous fitting of SO2 and the other

trace gases.
The SO2 total columns were retrieved with a nonlinear

least-squares spectral fitting algorithm [cf. Rinsland et al.,
1991a,b]. The total vertical column amount of a gas is
retrieved from a spectrum by scaling an assumed relative

volume mixing ratio (VMR) profile by a single multiplicative
factor for all altitudes, which is iteratively adjusted along
with the values of a number of instrumental parameters (e.g.,
a wavenumber shift between the measured and calculated

spectra) until the sum of the squares of the residuals
(measured minus calculated signals) is minimized. The total
column amount is calculated by summing the scaled vertical
absorber column amounts in all layers.

The reference volume mixing ratio profiles reported by
Smith [1982] were assumed in our analysis. The profile for
SO2 is a background profile corresponding to a SOz total
column above MLO of 1.1 x 10 t5 molecules cm -2, well
below our detection limit (see below). The Mauna Loa lidar
measurements of DeFoor et al. [1991] indicate that the

Pinatubo aerosols in early July were confined to a narrow
altitude band in the lower stratosphere. We assumed that the

SOz was co-located with the aerosols and approximated the
SO2 plume by a 4-kin thick layer centered at 20 km based on
the lidar profiles presented in Figure 2 of DeFoor et al.
[1991]. The VMR of SO2 was assumed constant in this

layer. Tests indicate that the retrieved total columns are
dominated by the stratospheric layer and are insensitive to
realistic changes in the assumed altitude and vertical
thickness of the Pinatubo SO_ layer. Since the local 100%
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Fig. 1. Comparison of three infrared solar absorption spectra recorded at MLO. The dates (of 1991),
solar astronomical zenith angles, and FWHM resolutions of the spectra are July 9, 46.5 °, and 0.01
cm -_ (top); May 11, 68.1 °, and 0.004 cm -t (middle), and September 22, 66.2 °, and 0.004 cm -_
(bottom). Solid triangles mark indicate SO 2 features in the July 9 spectrum. Features of 03 and N20
are also identified. The scans are offset vertically for clarity.
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Fig. 2. Sample least-squares fit to the 46.5 ° solar zenith
angle spectrum from July 9, 1991. The signals in the lower
panel are normalized to the highest amplitude in the interval.
Residuals are measured minus calculated values on an

expanded vertical scale. Features of SO2 are marked; the
other absorptions are produced by 03 lines.

transmission level is retrieved in the fitting procedure, the

retrievals are not affected by the broad band attenuation of
aerosols from the eruption.

Figure 2 illustrates a typical least-squares fit from a
spectrum recorded on July 9 (the best out of the few

available scans). The average of the total columns retrieved
from nine narrow (<0.3 cm -_ wide) intervals between 1154
and 1180 cm -_ was adopted as the final result. An absolute

uncertainty (1 sigma) of 10% was computed from the root-
sum-square of the following error sources and their

magnitudes: (1) SO2 spectroscopic line parameters
uncertainties (+5%), (2) uncertainty in the assumed SO2
vertical distribution (+3 %), (3) temperature profile
uncertainties (+2 %), (4) interferences from other molecules
(+3%), and (5) instrumental effects (zero level offsets,
instrument line shape uncertainties, etc.) (+7%). The upper
limits for the May and September observations were derived
by increasing the SO2 VMR in the 4-km thick stratospheric
layer until features more than 3 times the RMS noise level of
the measured spectra were produced in simulations generated
for the same conditions.

Results and Discussion

The retrieved total columns and upper limits are given in
Table 1. The July 9 SO2 vertical total column of 5.1 x 1@6

molecules cm -2 (1.9 Dobson units) corresponds to a mean

SO2 VMR in the assumed 4-km thick stratospheric layer of
66 ppbv (parts per billion by volume). This value provides
a clear indication of the high average SO2 concentrations in
the plume above Mauna Loa at the time of our
measurements; background SO2 VMRs measured in the lower
stratosphere are - I00 times less [Inn et al., 1981]. The SO2
features were also seen in spectra recorded on July 12, but

the reduced signal-to-noise ratio of the available data
preclude an accurate measurement of the SO_ total column.
The total column upper limit of 0.9 x 1016 molecules cm -2
derived from the September 20 to 24 observations is a factor
of 6 lower than the July 9 measurement. The absence of
observable SO2 in September is attributed to the rapid
dispersion of the gas cloud and the rapid conversion of SO_
into aerosols. Bluth et al. [1991] used TOMS measurements
of SO2 to estimate that the total amount SO2 had declined by
one third 14 days after the Pinatubo eruption.

The strong inhomogeneities and the rapid temporal changes
in the plume indicated by lidar [DeFoor et al., 1991; Winker
and Osborne, 1991] and SAGE II measurements [McCormick
and Veiga, 1991] obtained during July indicate the
difficulties inherent in comparing our SO2 measurement with
those obtained in the Caribbean during the same time period.
Nevertheless, our measurement is close to the total columns
of 2.0 x 10_6to 3.7 x 1016 molecules cm -2 obtained using

IR solar absorption spectroscopy [Mankin et al., 1991]. The
mean SO2 column of 2.5 Dobson units derived from
measurements with a differential, vertically-looking UV
correlation spectrometer [Hoff, 1991] is also in good
agreement with our result.

A set of simulations were generated to search for

absorption features of the H2S v2 band in the window region
between 1210 and 1250 cm-L These calculations were based

on the H2S line parameters from the 1984 GEISA

compilation [Husson et al., 1986]. No H2S features were
found above the noise level of the spectra, and an upper limit
of 2 x 10_7 molecules cm -2 has been estimated from the

46.46 ° solar zenith angle spectrum recorded on July 9, 1991.
The upper limit is very high because the H2S v2 band is
weak.

The results of this study have shown that high resolution
ground-based IR observations can be used to measure SO2
total columns from large volcanic plumes. While the
sensitivity of the technique is not particularly high for SO2
(only total columns above lxl0 t6 molecules cm a are readily
measurable), the regular series of observations planned at the
NDSC stations might allow future large events to be
monitored. Such measurements, especially if combined by
simultaneous lidar observations from the same site, could be

valuable for studying the conversion of SO2 into stratospheric
aerosols. The IR observations of SO2 could also be used to
verify the calibration of SO2 measurements by satellite
instruments, such as TOMS.
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The Fundamental Quadrupole Band of 14N2: Line Positions from High-Resolution

Stratospheric Solar Absorption Spectra

The purpose of this note is to report accurate measurements of the positions of O- and S-branch lines of
14

the (I-0) vibration-rotation quadrupole band of molecular nitrogen (N2) and improved Dunham coef_cients

derived from a simultaneous least-squares analysis of these measurements and selected infrared and far

infrared data taken from the literature. The new measurements have been derived from stratospheric solar

occultation spectra recorded with Fourier transform spectrometer (FTS) instruments operated at unapodized

spectral resolutions of 0.002 and 0.01 cm -t .
The motivation for the present investigation is the need for improved N2 line parameters for use in IR

atmospheric remote sensing investigations. The S branch of the N2 (1-0) quadrupole band is ideal for

calibrating the line-of-sight airmasses of atmospheric spectra since the strongest lines are well placed in an

atmospheric window, their absorption is relatively insensitive to temperature and is moderately strong (typical
line center depths of 10 to 50% in high-resolution ground-based solar spectra and in lower stratospheric

solar occultation spectra), and the volume mixing ratio of nitrogen is constant in the atmosphere and well

known. However, a recent investigation hasshown the need to improve the accuracies of the N2 line positions,

intensities, air-broadened half-widths, and their temperature dependences to fully exploit this calibration

capability ( 1 ). The present investigation addresses the problem of improving the accuracy of the N2 line

positions.
Nitrogen is a homonuclear diatomic molecule, and therefore electric dipole pure rotation and vibration-

rotation transitions within the ty._ ground electronic state are forbidden. For this reason, the vibrational

and rotational constants of the ground electronic state have remained poorly determined with most of the

reported values derived from medium-resolution Raman spectra recorded in the far infrared (2-4) and
infrared (3-5) regions. Reuter et al. (6) used a White cell to achieve an absorption path length of 434 m
and a FTS to obtain measurements of line positions in the O and S branches oftbe (l-O) vibration-rotation

quadrupole band. The positions derived in Ref. (6) were significantly more precise than achieved previously,
and the use of standard IR calibration techniques yielded a wavenumber calibration superior to those of the

Raman investigations. Measurements with line position accuracies of 0.003 to 0.010 cm -_ were reported

from analysis of a spectrum recorded at 0.01-cm -z resolution. The results were limited in accuracy by the
weakness of the N2 lines in the measured spectrum (maximum line center absorption of a few tenths of one

percent).
The stratospheric measurements reported here were obtained from solar spectra recorded during flights

by two different instruments. The first set of data was acquired from orbit on April 30-May 1, 1985, by the

atmospheric trace molecule spectroscopy (ATMOS) instrument, a high speed FTS operating at an unapodized

spectral resolution of 0.01 cm -_ during its first Shuttle mission onboard Spacelab 3. For an overview of the
ATMOS instrument and experiment and the Spacelab 3 results, see the review paper by Farmer (7). ATMOS-

related data processing and science analysis methods are described in a paper by Norton and Rinsland (8).

The other set of measurements was obtained with a FTS achieving an unapodized resolution of 0.002 era-t

onboard a balloon platform. The instrument is a modified commercial interferometer operated by the

atmospheric spectroscopy group at the University of Denver. Solar observations were recorded both prior

to and during sunset from a float altitude of 36.6 ± 0.5 km during a flight from the National Scientific

Balloon Facility in Palestine, Texas, on June 4, 1990. A description of the instrumentation and examples

of spectra from several balloon flights ean be found in the paper by Murcray et al. (9).

The positions of unblended N2 lines between S(4) and S(20) (2373 to 2492 cm -t region) have been
measured from ATMOS spectra recorded with a filter covering approximately 1580 to 3400 cm -j . The

continuum signal-to-rms noise in the N2 S-branch region is _ 100 in an individual spectrum. The stronger

N2 S-branch lines first appear above the noise level at a tangent altitude of _40 km (10). Because the
atmospheric density increases exponentially with decreasing altitude, the nitrogen lines strengthen rapidly

0022-2852/91 $3.00
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FIG. 1. Examples of 14N2(1--0) band quadrupole lines in the ATMOS and University of Denver infrared

stratospheric solar occultation spectra. The upper panel (A) shows the region of the S(9) line in a zonal

average ATMOS spectrum with tangent altitude of 19.7 km. The slight decrease in signal to lower wavenumbers

is caused by continuous absorption produced by the N2 pressure-induced (1-0) band and sub-Lorentzian

absorption by the overlapping far wings of the intense CO2 u3 fundamental band (11). The region of the
O(16) line is plotted in the lower panel (B). The spectrum was recorded at a tangent altitude of 23.4 km

with the University of Denver FTS. The nitrogen lines are identified and marked with vertical ticks in both

panels.

with decreasing tangent altitude. The most accurate measurements are obtained from spectra recorded near
a tangent altitude of 20 km where the stronger S-branch lines are prominent features in the ATMOS spectra
(10). t At that altitude, the atmospheric pressure is _40 Torr, so that the effect of pressure-induced line

shifts should be small. At lower tangent altitudes, the signal-to-noise ratio is decreased by continuum absorption

resulting from the collision-induced fundamental vibration-rotation band of N2 and sub-Lorentzian absorption

produced by the superposition of the far wings of the intense COz _3 fundamental band (11). Also, the

absorption by other telluric gases generally increases with decreasing tangent altitude so that interference
effects become more of a limitation. For the present work, to improve the signal-to-noise ratio, we derived

the line positions from zonal average ATMOS spectra obtained by coadding nearly equal tangent altitude

spectra recorded during four sunset occultations near 30*N latitude. The line positions were measured with

'To receive this NASA publication, write to authors. A few copies have also been kept on deposit in the
Editorial Office of the Journal of Molecular SpectroscopT.
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a second derivative line finder algorithm and calibrated using accurate line positions reported for the N20

_3(12) or v, + 2u2 bands (13). Nitrogen line positions from I to 4 ATMOS zonal spectra have been averaged

for use in the subsequent analysis; the corresponding uncertainties were estimated on the basis of the standard
deviation of the individual measurements and the calculated uncertainty derived from the formula given

by Reuter et al. (6). A minimum uncertainty limit of 0.0002 cm -j was adopted to account for the uncertainty

in the absolute wavenumber calibration.
The balloon-borne solar spectra were recorded with a filter covering the 1580 to 2230 cm -j region and

hence provide measurements of only high-J N2 lines in the O branch. A total of 6 N2 lines between O(13)

and O(19) were selected for measurement based on comparisons of the solar spectra with synthetic spectrum
calculations. All of the measured transitions are calculated to be free of significant blending by other telluric

lines. The 0(20) N2 line also appears to be present, but it is at the limit of detection and was not included

in the analysis. As the Nx lines occur near the edge of the band-pass filter, the continuum signal-to-rms noise

ratio of a single spectrum decreases from _ 100 at the O(19) line to _50 at the O(13) line. The positions
of the Nz lines were measured from one to three spectra recorded between tangent altitudes of 28.1 and
18.0 km. Mean values were used in the subsequent analysis. Calibration of the individual solar spectra was

achieved by comparing measured positions of strong, isolated lines (e.g., H20 and COx transitions) with
values derived from stratospheric spectra recorded with the same instrument during an earlier balloon flight.

The calibration of this earlier dataset, which covers 1400 to 1960 cm-', is based on HzO standard positions

(14), scaled by the multiplicative factor recommended by Brown and Toth (15). The frequency scale of
the new flight data was also checked using accurate NO2 v3 band line positions (16), as well as direct

comparisons of measured H20 line center positions with the data of Brown and Toth (15). A second

derivative line finder was used here to determine the location of the line centers. Uncertainties were estimated

as described earlier. Figure I presents examples of the N_ lines in the ATMOS (A) and University of Denver

(B) stratospheric solar spectra.
The line position measurements were analyzed with the Dunham formula for the upper and lower state

term values (17)

F(v, J)= _, Y,j(v+ ½)_[J(J + 1)] s (1)

TABLE i

Dunham Coet_cients s for t4N2

Dunham This Study

Coefficient Case A Case 5 Rof. 6 Ref. 5

Yol 1.9982673(43) 1.9982369(56) 1.998286(13)

Yoz x 10 e -5.761(10) -5.7_7(14) -5.763(_0)

Yo_ x 10 lz O. 4.78 b O.

YIo 2329.91170(20) 2329.91156(21) 2329.91239(70)

Ytl x 102 -1.73717(9) -1.73030(19) -1.73121(67)

Yt2 x i01 O, -i.01(56) O.

Yal x lO s O. -3.28(20) c "3.28(20) a

Weighted
Error 2.72 x 10 -_ 2.67 x 10-_ 1.99 x 10 -_

1.72975

-0.832

-4.15

a) Values in parentheses are standard deviations in unite of _he last quoted

dlgit of _he coe£flcient.

b) Calculated from case A Dunham coefficients and Eq. 2 of Reuter eC al. (_);

value wae held fixed in the analysis.

c) Taken from Lofthus and Krupente (18); value vas held fixed in the analysis.



NOTES
277

with the coefficients Y,j obtained from a weighted linear least-squares fit of the stratospheric measurements

and additional data selected from reported laboratory experiments. Each weight was given by 1/o 2 , where

o is the estimated uncertainty. The additional data were required because the stratospheric dataset covers

only a limited range of transitions in the O and S branches. Three additional datasets were included: the

ground state Raman measurements of Bendtsen (3), the Raman (1--0) band O-branch measurements of

Bendtsen (3), and the quadrupole O- and S-branch (1-0) band measurements of Reuter eta/. (6). The Q-

and S-branch (I--0) band Raman measurements of Bendtsen (3) were excluded from the fit because they

show a bias of about +0.009 cm -_ with respect to our measured line positions and our fitting results: this

offset was noted previously by Reuter et al. (6). Similarly, the calibrated coherent anti-Stokes Raman

(CARS) (1-0) band Q-branch measurements of G ilson et al. (5) were excluded from the fit because of a

calibration bias in the data (also about +0.009 cm-_). No obvious offset was noted between our measurements

and the O-branch (1--0) band positions from Ref. (3) so we retained those data in the analysis.

Table I presents the two sets of Dunham coeffcients obtained from the least-squares analysis. Set A was

obtained by fitting the coeffacients Y,0, Yo_, Yti, and Y02 with all other Dunham coefficients constrained to

zero. For set B, the coefficient Y_2 was fitted in addition to the same four Dunham coeffcients. Also, Y2_

was fixed at the value -3.28 X 10 -5, as determined by Lofthus and Krupenie (18), and Y03 was set to 4.78

X 10 -_2, a value estimated from Dunham's theory (17) by substituting the Yo_ and YIt values from set A

and the Y_o value of 2358.5665 cm -_ from Ref. (5) into Eq. (2) of Reuter et al. (6). The Yto value from

our analysis was not used in these calculations because only two vibrational states were studied in this work

TABLE II

Experimental Line Positions" for '4N2

Measured Meaeured

v' J' v" J" Posltlon R U v' J' v" J" Posltfon R U

0 2 0 0 ii.9344 b -2.9 i0.0 1 9 0 Ii 2244.8345 © -5.2 3.0

0 3 0 1 19.8941 b -0,9 i0.0 1 8 0 10 2253.0967 = -0.i 3.0

0 4 0 2 27.8517 b -0.3 i0.0 1 7 0 9 2261.3203 b -1.5 i0.0

0 5 0 3 35.8084 b 0.4 i0.0 i 6 0 8 2269.5146 c 0.2 3.0

0 6 0 4 43.7629 b 0.0 10.0 1 5 0 7 2277.6737 b -0.6 lO.O

0 7 0 5 51.7163 _ 0.2 10.0 1 4 0 6 2285.805@ 4.3 10.0

0 8 0 6 59.6658 b -1.8 I0.0 1 3 0 5 2293.898@ 3.5 i0.0

0 9 0 7 67.6162 b -0.9 I0.0 1 2 0 4 2301.9561 b 0.7 i0.0

0 i0 0 8 75.5643 b 0.i I0.0 1 1 0 3 2309.9851 b 3.2 I0.0

0 ii 0 9 83.5061 b -2.5 i0.0 1 0 0 2 2317.9750 b 0.7 I0.0

0 12 0 i0 91.4513 b I.i i0.0 1 6 0 4 2372.9433 -1.6 2.4

0 13 0 II 99.3881 b -0.5 I0.0 I 8 0 6 2388.3288 0.2 0.2

0 14 0 12 107.3242 b 0.7 I0.0 1 9 0 7 2395.9652 -0.2 0.2

0 15 0 13 115.254@ -0.I I0.0 i I0 0 8 2403.5651 0.0 0.2

0 16 0 14 123.1839 b 2.0 i0.0 i 11 0 9 2411.1273 -0.0 0.3

0 17 0 15 131.1061 b 1.2 I0.0 I 12 0 i0 2418.6519 -0.i 0.2

0 18 0 16 139.0205 b -2.8 i0.0 1 13 0 ii 2426.1389 0.2 0.2

0 19 0 17 146.9378 b l.O i0.0 1 14 0 12 2433.5871 -0.i 0.2

0 20 0 18 154.8418 b -3.5 I0.0 1 15 0 13 2440.9973 0.0 0.2

I 17 0 19 2177.6601 l.l 1.0 1 16 0 14 2448.3709 ¢ 2.4 3.0

i 16 0 18 2186.1621 -1.2 0.8 i 17 0 15 2455.7008 0.I 0.2

I 15 0 17 2194.6277 _ -9.9 30.0 1 18 0 16 2462.9934 -0.2 0.3

1 14 0 16 2203.0818 0.i 0.4 i 19 0 17 2470.2474 = 0.5 7.0

i 13 0 15 2211.4956 0.2 0.5 1 20 0 18 2477.4619 = 1.6 3.0

I 12 0 14 22_9.8781 -0.2 0.5 i 21 0 19 2484.6349 1.4 1.9

1 II 0 13 2228.2309 0.7 0.9 i 22 0 20 2491.7658 -0.5 1.3

i l0 0 12 2236.5481 ¢ -2.6 3.0

a) Measured line positions are in cm -t, R Is the residual (measured minus

calculated) in i0 "3 cm "_ obtained wlth the set B constants given in Table I.

and U is the estimated uncertainty in 10 -3 cm "I. Uncertainties for

transitions from Refe. (_,_) are taken from Table I of Ref.(_).

Uncertainties from the present work have been estimated as described in the

text.

b) These measurements are taken from Ref. (_).

C) These measurements are taken from aef. (_).
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and all higher-order pure vibrational Dunham coethcients were constrained to values of zero. This procedure

produces a fitted coet_cient that is an underestimate of Y_o. In Table I, we also give the weighted fitting

error (N _ wi6 _ / m Y. wi ) 1/2, where N is the number of lines, m is the n umber of degrees of freedom, and

t_ is the observed minus calculated wavenumber for line i (6).
Examination of the values in Table 1 indicates that the uncertainties in the case A coefhcients are slightly

smaller than those of case B. The case A and case B values are consistent among themselves, but the

coet_cients from the two solutions are sometimes slightly outside the range of the calculated uncertainties.

Table I also lists previously reported values for the Dunham coei_cients. The accuracies of Yo_, Yo2, Y_o,

and Y_ have been improved by about a factor of 3 compared to the results in Ref (6). No error estimates

were given for the Dunham coef_cients listed in Ref. (5), but the present values are generally consistent

with those results. The Y_2 coeEacient determined in case B has an uncertainty of _50%. Within this un-

certainty, the measured value of -l.01 × 10 -a agrees with a value of-7.9 × 10 -9 calculated from Eq. (3)

of Reuter et al. (6), the case B values of Y_ and Yo_, and the values of Yt0 and Y2o reported by Gilson et

al. (5).
Table II presents the measurement results and the residuals of the case B weighted least-squares best fit

to the data. The case A results, which are not repotted, are very similar. For most lines, the residual (measured

minus calculated) position is less than the estimated uncertainty. The residuals of both the far infrared and

infrared data show no obvious trend with J. Reuter et al. (6) noted that the pure rotational lines showed a

slight negative bias in the residuals of their fit, but this offset does not appear in the present results nor is it

obvious in ground state combination differences computed from the stratospheric infrared line positions.

We examined published 0.0033-cm -_ resolution stratospheric emission spectra for the presence of the

ground state v = 0-0 quadrupole lines of N:. The 7--40 cm -_ interval covered in the atlas of Baldecchi et

aL (19, 20) and the few small higher wavenumber intervals in Refs. (21-23) show only the S( l ) and S(4)

lines at 19.895 and 43.763 cm -t in regions nearly free of interfering telluric features (see Fig. 13 of Ref.

(19) and Fig. 2 of Ref. (23)). The absence of any significant features at the predicted positions of these

transitions indicates that the N2 pure rotational quadrupole band is extremely weak.
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Analysis of Atmospheric Trace Constituents
from High Resolution Infrared Balloon-Borne and

Ground-Based Solar Absorption Spectra
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Recent results and ongoing studies of high resolution solar absorption spectra will be presented. The analysis of these

spectra is aimed at the identification and quantification of trace constituents important in atmospheric chemistry of the

stratosphere and upper troposphere.

Analysis of balloon-borne and ground-based spectra obtained at 0.0025 cm "1covering the 700-2200 cm q interval will bc

presented. Results from ground-based 0.02 cm "_solar spectra, from several locations such as Denver, South Pole, M. Loa,
and New Zealand will also be shown. The 0.0025 cm q spectra show many new spectroscopic features. The analysis of

these spectra, along with corresponding laboratory spectra, improves the spectral line parameters, and thus the accuracy
of trace coustituents quantification. The combination of the recent balloon flights, with earlier flights data since 1978 at

0.02 cm': resolution, provides trends analysis of several stratospheric trace species. Results for COF:, F'22,'SFs and other

species will be presented. Analysis of several ground-based solar spectra provides trends for HCI, HI:: and other species.

The retrieval methods used for total column density and altitude distribution for both ground-based and balloon-borne

spectra will be presented. These are extended for the analysis of the ground- based spectra to be obtained by the high
resolution interfcrometers of the Network for Detection of Stratospheric Change (NDSC). Progress of the University of

Denver studies for the NDSC will be presented. This will include intercomparlson of solar spectra and trace gases
retrievals obtained from simultaneous scans by the high resolution (0.002.5 cm q) intcrferomctcrs of BRUKER and

BOMEM.

1, INTRODU_ 'TION.

The technique of infrared solar spectra has been used for many years to obtain information about the column
abundance and vertical distribution of atmospheric gases. To maximize retrieval of this information, nonlinear

multiparameters spectral least squares fitting methods have been developed, and since 1980 became an important tool
in our research, t'4 Subsequent studies (see below), conducted with higher resolution and signal to noise spectra, allowed

to further enhance these analysis methods.

The spectral least square programs can fit simultaneously several spectral regions of several spectral scans, with three

kinds of parameters: (i) instrumental parameters, such as resolution and background contours with channel and phase
corrections, (il) atmospheric (or laboratory) parameters such as the temperature and gas amounts in isothermal layers,

and (iii) spectral line parameters such as line positions, intensities and half widths. The programs allow the initial

parameters to remain fixed or vary within a constrained range of a priori values. The fitted parameters include the

scaling of the initial mLxing ratio distribution functions which determine the gas amount.

The atmospheric spectroscopy group at the University of Denver has been studying atmospheric infrared absorption

with several types of balloon-borne, aircraft and ground-based spectrometers for many years. The instrumentation used

in recent experiments includes 0.002-0.003 cm "t (unapodized) resolution FTS systems _ and 0.0005 cm "t resolution tunable

diode LHS system 6 for atmospheric solar absorption spectra. Ground-based measurements have been made from various
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locations, e.g. Denver, New Mexico, Hawaii, New Zealand, the South Pole, and McMurdo, during several seasons over
the last few years. Balloon flights were made from several locations in the U.S. and Europe. The field measurements

are supplemented by extensive laboratory spectra, mostly taken with the field spectrometers. The analysis of these spectra
has been very successful in the identification and quantification of atmospheric trace gases, some monitored since 1980,

and upgrading the theoretical capabilities of atmospheric spectroscopy. Analysis of the data includes detailed atlases with

complete identifications of the individual atmospheric and solar lines, molecular spectroscopic constants and line

parameters analysis of selected bands, theoretical line-by-line and cross sections simulations of emission and absorption

spectra, and spectral least-squares fitting using the most current atmospheric absorption parameters. These show good

agreement with the data in many spectral intervals and also many new spectral features in the stratospheric spectrum.
In this paper, samples of our recent 0.002-0.003 cm "_data and analysis leading to advances in atmospheric spectroscopy
will be discussed. Quantification of several trace gases since 1980 wilt be summarized from 0.02 cm "t and 0.002 cm "t data.

Work in progress with new BRUKER and BOMEM interferometer sys'tems towards the NDSC (Network for Detection

o_ Stratospheric Change) will be presented, including intercomparisons, and further developments in the retrieval

methods.

2.1 Balloon-borne _pectr_

We have studied the new infrared spectroscopic observations of several important stratospheric trace gases obtained

with a 0.002 cm "_resolution interfcromcter system now covering the "]00-2200 cm "t reg ion's4 Most stratosphcrlc species
are measurable in these spectra. The main molecules studied are 05, HNO3, CQONOa, HO2NO2, NO:, COF_, SF6 and

CHC_F 2. The stratospheric solar spectra, ground-based solar spectra, and laboratory spectra reveal new details of the
absorption by these molecules which are important in dcterminlng the photochemistry and the heat balance of the

atmosphere. It has been possible to assign numerous previously unidentified features to these gases in the stratospheric

spectra and to incorporate several new sets of spectral line parameters and cross sections from their simulation.

Many of these features were not accounted for in the previous line parameters compilations, and will be included in
future data bases, HITILA.N91 and GEISA91. A number of spectral regions have been atlased in detail? Fig. 1 shows

a sample from the atlas. The high resolution 10 Fm spectra have been analyzed with the new ozone line parame tersl* to

determine the isotopic ratios of _6Ot6OISO and t60_80 _60 in the stratosphere.

The excellent agreement between the highly precise laboratory and stratospheric spectra provided significant new

evidence for absorption by the HO2NOa 802.7 cm "t Q branch in the lower stratosphere. The improved resolution of the

flights measurements reveals additional details of the interference in the C_ONO2 780.2 em "t v4 Q branch region,
including the identification of overlapping HNO3 _'8 features. New analysis of the COFa v6 band and the u4 band, and
recent analysis of the HNO3 v= and _'s+v9 bands have been applied to both laboratory and stratospheric spectra. New
features of other trace gases (e.g. C_ONOa, HNO3 and CF4 in the 1280 cm "_ region) have been identified in the

stratospheric spectra and are currently under study with new line parameters and cross-sections.

The 5-7 Fm spectra are also being studied for numerous new O3 features. Updated line parameters of HNO3 v:, Os

5_ bands, and H:O ua bands are now used for new retrievals of HNO3. The NO2 spectral lines in the 6 Fm region show
the need for further update. The combination of the high resolution flight data with other solar spectral data allows

improvements in the spectral line parameters of the references gases Oa and N2, but further studies are neede d.tt't2

The long time span covered by medium and high resolution infrared atmospheric absorption measurements generated
considerable interest in studying trends of atmospheric trace gases. Thus, an analysis of both recent 0.002 cm "t spectra

and previous 0.02 cm "t spectra provided long term trends for SF6, CHC_F,, and COF2 over the last decade. Exponential

increase rates of (7.4 ± 1.9)%, (9.4 ± 1.3)% and (10.3 ± 1.8)% yea r'_ were found- u

2.2 Gr0und-based spectr_a

We have performed quantitative analysis of the absorption by a number of minor and trace constituents in 0.02 cm "t
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resolution solar absorption spcctra geographical locations, t3"= In addition to various measurements from Denver, these
include the total vertical column amounts of H20 (and isotopes), CO:, O_, N20, CH4, CHC_F=, NO, NO=, HCI, and

HNO_ from M. Loa, Hawaii, in February 1987; O3, N20, HNO3, CO:, CH4, and CF=C_, in December 1980 and
November-December 1986 from the South Pole; HCQ, NO, NO2, and C2H_ in December 1986 from the S. Pole, and

HCQ, HNO_, O_, CQONO2 and NO 2 from McMurdo, Antarctica during the spring 1987 ozone hole. In the M. Loa
measurements it was found that the average tropospheric concentrations deduced for COs, N20 and CH, are very

consistent with correlative NOAA GMCC surface data.

Of particular interest is the observed increase in the CF:C_= column amount above the S. Pole over the 6 year period,
corresponding to (3.6 - 2.1)% year "t. The column amount of HNO3 for both 1980 and 1986 were not significantly
different. Other data sets, such as from the National Solar Observatory (NSO) at Kitt Peak were used for monitoring
trends of HF and HC_ from 0.02-0.005 cm"1spectra obtained during the 1977-1990 period. Linear increase rates of (10.7

-,- 1.1)% year "t and (4.9 -. 0.7)%year q have been obtained for HF and HCQ respectively.

We have also been conducting 0.002-0.003 cm"t resolution solar absorption ground-based measurcmcnts, for periodic
observations and monitoring of the atmosphere from Denver. The initial measurements were made with the balloon-
borne BOMEM FTS system: Typical results are shown in Figures 2-5. More recently, dedicated BOMEM and
BRUKER FTS have been used, one of which will be moved to Mauna Loa as soon as the NDSC station becomes

operational. Preliminary results are shown in Figures 6-10.

The analysis of the ground-based spectra shows that the trace gases of interest to the NDSC can be well monitored
from selected spcctral intervals of multiscans measurements, with temperatures and geometry and instrumental
performance monitored from reference gases. It is apparent that no more than scale height vertical resolution can usually
be expected for the altitude distribution of the trace gases, and in some cases only the tropospheric and stratospheric
components could be separated. The translation of the statistical errors of the spectral least squares fitting to absoh, tc
errors estimates from a priori constraints and accuracies requires further studies.

3,CONCLUSIONS

High resolution stratospheric spectra show many new spectral features not observed in previous lower resolution
spectra. This requires new analysis of laboratory and atmospheric spectra and improved theoretical calculations for many
molecular bands of atmospheric interest. Atmospheric spectra remain a powerful source for observing and monitoring

our changing atmosphere.

Retrieval methods based on spectral least squares are best suited for spectroscopic quantification, but further

development are desired.
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Long-Term Trends in the Concentrations of SF 6, CHC1F2, and COF2

in the Lower Stratosphere From Analysis of High-Resolution

Infrared Solar Occultation Spectra

C. P. RINSLAND, I A. GOLDMAN, 2 F. J. MURCRAY, 2 R. D. BLATHERWICK, z J. J- KOSTERS,2

D. G. MURCRAY, 2 N. D. SZE, 3 AND S. T. MASSIE 4

Long-term trends in the concentrations of SF6, CHC1F, (CFC-22), and COF2 in the lower
stratosphere have been derived from analysis of ca. 1980 and-more recent infrared solar occultation
spectra recorded near 32°N latitude at -0.02-cm-I resolution. Consistent sets of line parameters and
spectral calibration methods have been used in the retrievals to minimize systematic error effects.
Quoted error limits are 1 sigma estimated precisions. The SF6 and CHCIF2 results are based on
spectra recorded by balloon-borne interferometers in March 1981and June 1988and a comparison of
these results with the Atmospheric Trace Molecule Spectroscopy (ATMOS) Experiment/Spacelab 3
measurements obtained in May 1985 near 30°N latitude. In the 13-18 km altitude range the mean
measured SF6 mixing ratio in parts per trillion by volume (pptv) increased from I. 17 ± 0.21 in March
1981 to 2.02 +--0.20 pptv in June 1988, and the CHCIF2 mixing ratio below 15 km altitude increased
from 51 -" 8 pptv in March 1981 to 102 "- 10 pptv in June 1988. The CHCIF2 retrievals used new
empirical CHCIF, line parameters derived from 0.03-cm-I resolution laboratory spectra recorded at
six temperatures t_etween 203 and 293 K; the derived mixing ratios are -30% higher than obtained with
earlier sets of line parameters, thereby removing a large discrepancy noted previously between IR and
in situ measurements of CHCIF.,. Assuming an exponential growth model for fitting the trends, SF6

and CHCIF, mean increase rates of 7.4% - 1.9% and 9.4% - 1.3% year -l , are obtained, respectively,
which correspond to cumulative increases by factors of -1.7 and -2.0 in the concentrations of these
gases over the 7.2-year measurement period. Analysis of spectra recorded in October 1979 and April
1989 yields COF2 volume mixing ratios that are respectively 0.44 _ 0.17 and 1.21 --- 0.24 times the
ATMOS/Spacelab 3 values, from which an average COF2 increase rate of 10.3 -" 1.8% year -I over
this time period has been estimated. The present results are compared with previously reported
observations and trends and with one-dimensional model calculations. The model calculated trends are
in reasonably good agreement with the observations.

1. INTRODUCTION

The technique of infrared absorption spectroscopy has
been used for many years to measure the concentrations of

gases in the Earth's atmosphere. Because of the long time
span covered by these observations, there has been consid-
erable recent interest in analyzing the old spectra and

comparing the results with newer data to determine the
long-term trends of important atmospheric gases. For exam-
ple, ground-based spectra recorded more than 35 years ago
have been studied to estimate the mean trends in the total

columns of CH4 and CO [Rinsland et al., 1985; Rinsland and
Levine, 1985; Zander et al., 1989a, b]. IR spectral measure-
ments of the stratosphere do not date back quite as far in

time as the ground-based data sets. Moderate resolution
(-0.2 cm -1) stratospheric observations were first obtained
in the late 1960s and early 1970s [e.g., Murcray et al., 1968,
1969, 1975; Goldman et al., 1970], followed by high resolu-
tion (-0.02 cm -I) data in the late 1970s and early 1980s

[e.g., Goldman et al., 1979; Buijs et al., 1980; Murcray,
1984]. We have begun a program of systematic comparison
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-'Department of Physics, University of Denver. Denver. Colo-
rado.

3Atmospheric and Environmental Research Incorporated. Cam-
bridge, Massachusetts.

4National Center for Atmospheric Research, Boulder, Colorado.
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of the early stratospheric spectra with more recent spectra
recorded with the same or similar instrumentation under

similar observing conditions (for example, same latitude, all
data in the solar occultation mode). An initial analysis of the

data revealed clear evidence for rapidly increasing concen-
trations of three important trace gases that have been the

subject of only limited previous stratospheric investigations.
In the present paper we report the trends derived for these
three gases, SF 6, CHC1F2, and COF2.

Sulfur hexafluoride (SF6) and chlorodifluoromethane

(CHCIF_, or CFC-22) are man-made trace atmospheric gases
with strong absorption bands in the climatically important 8-
to 13-_m window region. SF6 is widely used as an electrical
insulating gas in high-voltage electrical and electronic equip-
ment such as circuit breakers, capacitors, transformers, and
microwave components because of its high chemical stabil-

ity and its ability to impede electric breakdown [e.g., Brown,
1966]. SF 6 has also been used as a meteorological tracer
[e.g., Turk et al., 1968; Reiter, 1971 ; Drivas and Shair, 1974].
CFC-22 is primarily used in refrigeration, but about 35% of
the total is used in fluoropolymer production, which results
in little release of the gas into the environment [Worm

Meteorological Organization, 1986]. Since both gases are in
wide use and their atmospheric lifetimes are believed to be

long (perhaps more than 500 years for SF 6 [Ramanathan et
al., 1985] and 10-28 years for CFC-22 [World Meteorological

Organization. 1982, 1989; Wuebbles, 1983; Hammitt et al.,
1987; Golombek and Prinn, 1989: Fisher et al., 1990]), these
molecules can be expected to accumulate in our environ-
ment. The principal sink for CFC-22 is the reaction with

tropospheric OH. Monitoring its trend and ascertaining its
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TABLE I. Parameters for the University of Denver Balloon Flights

Parameter

Value Corresponding to the Flight

October March 23. June 6, April 19,
10. 1979 1981 1988 1989

Latitude, °N 32.8 32.8 31.9 34.7

Longitude, °W 106.0 106.0 97,4 103.0
Float altitude, km 33.0 * 0.5 33.5 -- 0.5 36.5 - 0.5 36.7 _- 0.5

40 40 20/120 .,0/1 _0
Scan time.* s 50 40/250 40/250
Maximum path difference,t cm 50
Field of view, arcmin 8 8 10 10

Spectral coverage, cm -1 1300-2000 740-1350 720-1300 1400-1960
Tropopause geometric height, km 15.0 10.4 14.4 13.8

*Time required to record a single spectrum. The two entries for the June 6, 1988 and April 19, 1989

flights are the times required to recorded the low- and high-resolution interferograms, respectively.
Single scans were analyzed from the October 10. 1979 and March 23, 1981 flight observations. In most
cases, two scans with the same zero path difference were coadded, and the average spectrum was used

in the analysis of the June 6. 1988 and April 19. 1989 flight measurements.
tThe entries for the June 6, 1988 and April 19, 1989 flights are the maximum path differences of the

low- and high-resolution interferograms, respectively.

emission rates provide a means to derive the atmospheric

lifetime of CFC-22 and the global average OH concentration

[International Global Atmospheric Chemistry Programme,

1989]. This latter result can provide an independent check on

the global average OH concentration deduced recently from

the observed methyl chloroform trends [Prinn et al., 1987].

Carbonyl fluoride (COF,.) is an intermediate product in the

decomposition of chlorofluorocarbons in the stratosphere

[Rowland and Molina, 1975; Sze, 1978]. The Atmospheric

Trace Molecule Spectroscopy (ATMOS) Experiment/

Spaceiab 3 (SL3) measurements indicale that COFz repre-
sents one third of the inorganic fluorine column in the

stratosphere, with the remainder contained in HF [Raper et

al., 1987]. COF, is produced mainly from the decomposition

of CCI_F_ [e.g., Rowland and Molina, 1975; Jayanty et al.,

1975] and, to a lesser extent, from other chlorofluorocar-

bons, such as CFC-22 [World Meteorological Organization,

1989]. Carbonyl fluoride is destroyed by photolysis and

reaction with O(JD) in the stratosphere [Sze, 1978]. Its

importance lies in the need to understand the reactions that
follow the breakup of the chlorofluorocarbons in the strato-

sphere. Recently, it has been suggested that COF,_ may react

with H,O to form HF and CO2 on the surfaces of polar

stratospheric clouds [Wofsy et al., 1990]. Thus observations

of COF, and HF could help elucidate heterogeneous chem-

ical processes which are important for understanding strato-

spheric ozone distributions, particularly over polar regions.

Carbonyl fluoride is also expected to be an important inter-

mediate in the decomposition of currently proposed alterna-

tive fluorocarbons [World Meteorological Organization,

1989].
The measurements and trends reported in this paper are

based on the analysis of -0.02-cm -I resolution infrared

solar occultation spectra recorded during four stratospheric

balloon flights from launch sites near 32°N latitude. The

measurements were recorded in October 1979, March 1981,

June 1988, and April 1989. All of the balloon flights were

conducted by the University of Denver atmospheric spec-

troscopy group. In addition, we have compared the retriev-

als with results derived from the infrared solar absorption

spectra obtained by the ATMOS experiment during the SL3

shuttle mission in May 1985 (see Farmer, [1987] for an

overview of the ATMOS experiment and the SL3 results).

Care has been taken to use consistent sets of line parameters

and spectral calibration methods to minimize systematic

error effects so as to derive the most reliable long-term

trends. All of the measurement data (balloon flight plus the

ATMOS results) have been included in deriving the trends.

Model calculations are presented to compare with the ob-

served trends. The calculations are based on the Atmo-

spheric and Environmental Research (AER) one-dimen-

sional model [Sze and 1(o, 1981] with updated rate data

[NASA, i987]. The model domain is from O to 70 kin. It

includes 150 gas-phase reactions and calculates the concen-

trations of the oxygen species (O, O(tD)), the hydrogen

species (H, OH, HO2, H202), the nitrogen species (1'4, NO,

NO2, HNO3, HOzNO,., N205, NO3), the chlorine species

(CI, CIO, OCIO, ClzO2, HCI, HOCI, CIONOa), the bromine

species (Br, BrO, BrNO3, BrCI, HBr), and the tropospheric

source gases (CH4, N2 O, OCS, CSz, C2H6, SFr, CH3C 1,

CC14, CCI3F, CCI2Fz, CHC1F2' CH3CCI3' CF3CCI3' and

other minor CFC species). The surface fluxes for CCI3F and

CClzF 2 are based on emission data reported by Gamlen et

al. [1986]. The emission data for CHCIF2 are uncertain

[World Meteorological Organization, 1986]. The atmo-

spheric release rates (109 gm yr -I) used in the present model
calculations are 53, 86, and 95 for the years 1975, 1980, and

1985, respectively.

2. BALLOON FLIGHT MEASUREMENTS

Table 1 summarizes important flight and experimental

parameters for the four balloon flights. In all four experi-

ments the spectra were recorded at sunset in the solar

occultation mode. The two early balloon flights were con-

ducted from Holloman Air Force Base near Alamogordo,

New Mexico, on October 10, 1979, and March 23, 1981,

using a modified Bomen model DA2.01 interferometer sys-

tem (optical path difference of 50 cm). High and low sun

spectra from these flights (and an earlier one on October 27,

1978) have been reported in an atlas along with a list of the

measured positions and corresponding atmospheric and so-

lar line identifications [Goldman et al., 1987]. The launches

of the more recent balloon flights occurred from the National

°-
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Scientific Balloon Facility (NSBF) near Palestine, Texas, on

June 6, 1988, and from Fort Sumner, New Mexico, on April

19, 1989, using a new interferometer, a modified Bomem

model DA3.002 system capable of recording spectra with a Altitude.

maximum optical path difference of 250 cm. The new system km

has been described recently [Murcray et al.. 1990], and 14.0
selected regions of the full resolution spectra from the 1988 t6.0

flight (and some of the high sun data collected during a 18.0

balloon flight on November 18, 1987) have been published in 20.0

an atlas [Goldman et al., 1989a]. A description of the trace 22.0
24.0

gas features observed in the spectra has also been reported 26.0

[Goldman et al., 1989b]. The full resolution spectra were 28.0

recorded at tangent heights above 17 km (1988 flight) and 30.0

above 29 km (1989 flight). Because spectral lines are pres- 32.0

sure-broadened at low altitudes, very high resolution obser- 34.0
36.0

rations are less useful in the lower stratosphere and tropo- 38.0

sphere than at higher altitudes, and for this reason the 40.0
interferometer was switched to a mode that allowed the

, rapid recording of spectra with a maximum optical path
difference of 40 cm. Only the lower resolution spectra were

used for the retrievals reported in this work. When appro-

priate, the full resolution scans have been analyzed to verify

the quality of the line parameters assumed in the analysis.

3. DATA ANALYSIS AND RESULTS

AS in a number of earlier investigations, the technique of

nonlinear least squares spectral fitting has been used to

analyze the data. Details and examples of the application of

this method to the analysis of solar occultation spectra are

presented in papers by Niple [1980], Niple et al. [1980],

Goldman et al. [1980], and Rinsland et al. [1982]. Initially,

the vertical profiles of SFr, CHCIF2, and COF,. were re-

trieved from the balloon flight spectra using the onion-

peeling technique [Goldman and Saunders, 1979]. A com-

parison of the retrieved profiles with the reported ATMOS

profiles indicated no differences in the relative vertical

distributions of the three gases outside the errors limits of

the experiments. Therefore to maximize consistency of the
results for the derivation of trends, we assumed the vertical

distributions retrieved from the ATMOS observations and

derived a single multiplicative scaling factor for each gas

relative to the reported ATMOS profile. The scale factors

were determined from the individual spectra, and then the

average and the standard deviation of these values were

computed for each occultation to determine the relative

increase (or decrease) in the stratospheric amount relative to

the ATMOS observations and a statistical estimate of the

TABLE 2. ATMOSSL3 Profiles Assumed in the Present
Analysis

Volume Mixing Ratio in pptv

SFr" CHCIF,_t COF:_

1.42 70.4 5.05
1.42 70.1 10.0¢.
1.42 68.1 20. I
1.12 64.0 31.2
0.83 51.7 48.4
0.83_ 44.8 67.4
0.83§ 39.7 82.8
0.83§ 35.3 96.9
0.83§ 33.3§ 111
0.83§ 30.1§ 118
0.83§ 26.9§ 116
0.83._ 21.8§ 105
0.83§ 18.6§ 89.4
0.83§ 15.4§ 73.8§

*Smoothed values from Rinsland et al. [1990].
tZander et al. [1987, Table 4] scaled by 1.28. See text.
1:Retrieved from v t band manifolds near 1936 cm -t [Rinsland et

al., 1986, Figure 3, heavy full line].

§Extrapolated value.

scatter in the results. For completeness and because we had

to extrapolate the reported volume mixing ratio profiles to

higher and lower altitudes, the assumed ATMOS/SL3 verti-

cal distributions of SF6, CHCIF2, and COF2 are listed in

Table 2.

Except as noted below, line parameters were taken from

the 1986 Air Force Geophysics Laboratory high-resolution

transmission (HITRAN) line list [Rothman et al., 1987].

Correlative pressure-temperature profiles derived from ra-

diosonde and satellite measurements were used in the ray-

tracing calculations (M. Gelman and K. W. Johnson, Na-

tional Meteorological Center (NMC), private commu-

nications, 1982, 1989). The NMC analysis also yields an

estimate of the tropopause height. The value for each

balloon flight is listed in Table 1.

The spectral intervals selected for the analysis are given in

Table 3. In addition to retrieving the concentrations of SF6,

CHCIF,, and COF 2, we included intervals to retrieve the

concentrations of CH4, N2 O, and CO,.. These additional

gases were included in the analysis because of uncertainties

in the instrument pointing angle (about ±0.07 ° which corre-

sponds to about ±0.5 km in the tangent height, I sigma).

Following the procedures used to analyze the ATMOS

observations (see, for example, Zander et al. [1987]), the

TABLE 3. Spectral Regions Analyzed in the Present Study

Spectral Target
Region, cm -1 Molecules Primary Interfering Molecules Data Sets Investigated

828.82--830.00 CH3_C1F,_ 03. CO,., C2H6
945.00-949.00 SF6 CO2, O3, HzO
1220.00-1224.50 CH4, NzO 03
1231.40-1235.00 CH4. N,O COF.,
1384.21-1384.70 CO, HDO, 03, H,_O
1385.00-1385.__9 CO,. "'"
1385.65-1386.10 CO, 0 3, CH4

1936.00-1940.00 COF, CO,_. H20.03. NO. solar CO
1952.15-1952.50 CO, solar CO, O3, COF.,
1955.40-1955.70 CO, "'"

March 1981, June 1988
March 1981, June 1988
March 1981, June 1988
March 1981, June 1988
October 1979, April 1989
October 1979, April 1989
October 1979, April 1989
October 1979, April 1989
October 1979, April 1989
October 1979, April 1989
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tangent altitudes of the individual spectra were adjusted until

the retrieved volume mixing ratios (VMRs) of CH4, N_,O,

and CO,_ were consistent with measurements in the lower

stratosphere.
Ideally, we would have preferred to use lines of N2 and 02

to retrieve the tangent heights of the spectra instead of CH4,

N,O, and CO,_ lines because the VMRs of Nz and Oz are

likely to be constant in the stratosphere to our measurement

accuracy, whereas the VMRs of CH4, N,_O, and CO, are

probably increasing with time. These changes with time

complicate the analysis of data sets from different epochs.

The S branch lines of the N2 electric quadrupole (1-0)

vibration-rotation band, which are observable in atmo-

spheric spectra near 2400 cm -I [e.g., Camy-Peyret et al.,

1981; Goldman et al., 1981a], are not included in the spectral

regions covered by any of the four balloon flights. Numerous

lines of the 0 2 electric quadrupole (!-0) vibration-rotation

band have been identified in the 1500-1650 cm -I region of

stratospheric spectra [Goldman et al., 1981a] and are seen in

both the 1979 and 1989 balloon flights, but quantitative

analysis of these features is hampered at present by the large

uncertainty in the absolute values of the electric quadrupole

intensities (about _-35%) [Reid et al., 1981; Rothman and

Goldman, 1981].

The assumed VMRs for CH4 and NzO were chosen on the

basis of accurate measurements from the literature. For CH4

we selected a reference value at ground level of 1.68 parts

per million by volume fppmv) for 1984.5, which corresponds

to the results reported by Steele et al. [1987, Figure 6] for

30°N latitude, and an annual increase of 15.2 pptv obtained

by averaging the value of 17.5 pptv reported by Rasmussen

and Khalil [1986, Table 1] for 1975 to 1985 and the value of

12.8 pptv reported by Steele et al. [19_7] for May 1983 to

April 1985. For Nz O we selected the 1985.0 surface-level

reference value of 307.3 parts per billion by volume (ppbv)

measured in the pacific northwest United States and the

mean annual increase of 1.04 ppbv determined from the

pacific northwest United States measurements and south

pole measurements between 1975 and 1985 [Rasmussen and

Khalil, 1986, Table 1]. In the stratosphere we assumed the

zonal mean northern hemisphere CH4 and NzO profiles (at

-30°N) derived from the ATMOS/SL3 spectra [Gunson et

al., 1990, Table 4a]. To account for the expected increases in

the stratospheric concentrations of these gases with time,

the ATMOS VMRs in each layer were scaled by the ratio of

the calculated tropospheric abundance for the time of the

balloon flight measurement to the calculated tropospheric

abundance for the time of the ATMOS/SL3 flight. Because

the stratospheric profiles of CH4 and N20 near 30°N show

significant seasonal changes [Jones and Pyle, i984] and the

ATMOS/SL3 profiles show evidence for a "fold" in their

vertical distributions between 30 and 40 km which is proba-

bly the result of dynamical motions [Gunson et al., 1990],

CH4 and N20 features were only used to retrieve the tangent

heights of scans within -5 km of the tropopause, where the

lower stratospheric VMRs are very close to those in the

troposphere [e.g., Goldan et al., 1980, Figure 17]. The 1986

HITRAN compilation parameters for CH4 were replaced

with improved values determined from recent analysis of

high-resolution laboratory spectra [Brown et al., 1989;

Champion et al., 1989a, b]
All of the retrieved ATMOS profiles from the SL3 spectra

are based on an assumed CO_, VMR of 330 ppmv below 70

AND COP2 IN THE LOWER STRATOSPHERE

km altitude [Gunson et al., 1990]. For consistency with the

ATMOS observations we assumed this profile for the time of

the SL3 observations and scaled it in accordance with the

mean measured rate of increase of 1.42 ppmv yr -l observed

at Mauna Loa Observatory between 1974 and 1985 [Thoning

et al., 1989]. In addition to the updated CH4 line parameters

[Brown et al., 1989; Champion et al., 1989a, b], the line list

used in fitting the CO, microwindow regions included O3

line parameters generated from recent high-resolution labo-

ratory studies [Malathy Devi et al., 1987; Rinsland et al.,

1988a; Flaud et al., 1989; Camy-Peyret et al., 1990]. As

noted in Table 3, O3 lines are observable in a number of the

microwindow regions. For gases such as O3 we assumed

reference profiles appropriate to mid-latitude northern hemi-

sphere conditions [e.g., Smith, 1982].

The precision of the tangent heights, about ±0.2 km (1

sigma), has been estimated from the scatter in the various

determinations for each spectrum. There were no obvious

differences in the tangent heights estimated from the various

gases or different spectral regions. For a well-mixed gas in

the lower stratosphere a 0.2 km change in tangent height is

equivalent to change of about 3% in the VMR [Gunson et al.,

1990]. Systematic errors in the tangent heights are likely to

result mostly from uncertainties in the assumed volume

mixing ratio profiles of CH4, N20, and COz, the assumed

spectroscopic line parameters (primarily caused by errors in

the line intensities), and the assumed pressure-temperature

profiles. Error budget calculations, similar to those per-
formed previously [Rinsland et al., 1983], indicate a total

estimated error of -0.5 km (1 sigma) in the individual

tangent heights from the sum of these effects. The tangent

heights of the spectra used in the retrievals are as follows:

17.9_ 19.1, and 21.7 kin, October 10, 1979, flight; 12.4 and

14.3 km, March 23, 1981, flight; 13.8, 14.5, 15.3, and 16.3

kin, June 6, 1988, flight; and 19.0, 19.9, 21.1, 22.1, and 22.6

kin, April 19, 1989, flight.

3.1. SF6

Analysis of SF6 is based on retrievals of the 945.0-949.0

cm -I interval which contains the Q branch of the intense v3

band of SF6 at 947.94 cm -j. This feature, which was

recently identified in the ATMOS/SL3 spectra [Rinsland et

al., 1990], is observable in both the 1981 and 1988 University

of Denver balloon flight spectra of the lower stratosphere

and upper troposphere.
In this investigation we assumed the same line parameters

as adopted in the ATMOS analysis [Rinsland et al., 1990].

The primary modifications to the 1986 HITRAN compilation

[Rothman et al., 1987] are the addition of SF6 line parame-

ters with positions and relative intensities for the v3 band

[Bobin et al., 1987], normalized to the band intensity of

Schatz and Hornig [1953], and SF6 air-broadened half

widths calculated by Tejwani and Fox [1987]. The ozone

lines on the 1986 HITRAN compilation [Rothman et al.,

1987] were replaced with a line list derived from analysis of

laboratory spectra recorded with the McMath Fourier trans-

form spectrometer on Kitt Peak [Flaud et al., 1990]. Analy-

sis of the ATMOS observations indicated a constant SF6

VMR of 1.42 _ 0.37 pptv (1 sigma) between 12 and 18 km

and a possible decrease in the SF6 VMR between 18 and 22

km. The evidence for the decline was not conclusive because

of the weakness of the SF6 absorption.

ii _'
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Fig. 1. (d) The SF6 v3 band Q branch region in a 1981balloon
flight spectrum. (b) spectral fitting residuals obtained by fitting the
data for SF 6, CO,_, and H_,O, (c) spectral fitting residuals obtained
by fitting the data for CO_,and H,.O (no SF6 lines in the analysis),
and (d) a simulation of the absorption by SF6 only computed for the
same atmospheric path and the retrieved SF 6 atmospheric amount.
The residuals in Figures lb and lc (measured minus calculated
values) and the calculated SF6 absorption spectrum (Figure ld) are
plotted on the same vertical scale, which has been expanded relative
to the vertical scale of Figure la for clarity. The absorption peaks of
the SF6 v3 and v3 + v6 - v6 Q branches are located near 947.94 and
946.83 cm -I, respectively. The spectral data were recorded at
sunset from a float altitude of 33.5 km and at an astronomical zenith
of 94.92*. The corresponding refracted tangent height is 12.4 kin.

As illustrated in Figure I, SF6 absorption is weak in the

1981 spectra owing to its extremely low atmospheric abun-
dance, but the Q branch feature is detectable above the noise
level of the data. From bottom to top the panels show

(Figure la) an observed spectrum in the SF 6 Q branch region
at a tangent height of 12.4 km; (Figure Ib) the residuals
(observed minus calculated intensities) obtained by fitting
the data for SF 6, CO 2, and H20; (Figure Ic) the residuals
obtained by fitting the spectrum for COz and H20 without
SF 6 lines in the analysis; and (Figure ld) the calculated
absorption by SF 6 alone based on the SF 6 column amount
retrieved from the spectrum. The standard deviation of the

residuals with SF 6 lines in the analysis is about one-half that
achieved without SF 6 lines. The maximum SF 6 absorption in
this example (-3,C'/c) is less than derived at the same tangent
height from both the 1985 ATMOS observations (see Figure
4b of Rinsland et al., [1990] for a sample fit) and the 1988

balloon flight spectra (not shown), indicating a significant
increase in the VMR of this gas in the lower stratosphere.

Relative to the ATMOS results, the analysis indicates SF 6

muttiplicative scale factors of 0.82 = 0.15 for the March 1981
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Fig. 2. Mean SF6 volume mixing ratio below 18 km altitude
retrieved from the March 1981and June 1988University of Denver
balloon flight spectra and the corresponding value retrieved from the
ATMOS/SL3 spectra [RinMand et ,_/., 1990]plotted versus obser-
vation date. The error bars are estimated l-sigma precisions. The
dashed line shows a fit to the measurements calculated assuming
that the SF 6 volume mixing ratio is increasing at an exponential rate.
The derived trend (7.4 _ 1.9% year -_ , l sigma) corresponds to a
factor of 1.71 increase in the SF6 volume mixing ratio between
March 1981 and June 1988.

balloon flight and 1.42 --- 0.14 for the June 1988 balloon flight.
The error limits indicate the estimated precisions (I sigma)

which were calculated by taking the standard deviation of

the SF 6 scale factors retrieved from the individual spectra.
The scale factors correspond to SF 6 VMRs in the 12-18 km
altitude region of 1.17 - 0.21 and 2.02 _ 0.20 pptv, respec-
tively. The absolute uncertainties are, of course, larger.
Considering the various sources of random error (for exam-
ple, finite signal-to-noise ratio) and systematic error (for
example, the uncertainty in the SF6 line intensities and
air-broadened half widths, uncertainty in the calculation of
the interfering absorption lines near the SF6 Q branch,

uncertainty in the derivation of the tangent heights due to
CH_ and NzO line parameter errors, retrieval algorithm
uncertainties, errors in the assumed pressure-temperature

profiles, and instrument distortions such as zero level shift
and phase errors), the estimated absolute l-sigma error
limits are about --.45% and "--25% for the 1981 and 1988 flight

data, respectively. The important sources of systematic
error (such as the errors in the assumed line intensities) bias
all the retrievals by the same relative amount so that the
derived long-term trend is unchanged. The same is also true

for the CHCIF2 and COF., analyses.
The mean SF6 volume mixing ratios below 18 km derived

from the balloon-borne spectra and the ATMOS spectra
[Rinsland et al., 1990] are plotted versus observation date in
Figure 2. The dashed line shows the trend computed from a
least squares fit to the three observations assuming that the
SF 6 VMR is increasing at an exponential rate with time, that
is, C = C_ exp [_3(t - to)], where Co is the concentration at
time t0. C is the concentration at time t, and/3 is the rate of
increase. Assuming this equation, a fit to the results indi-
cates an average SF 6 increase rate between March 1981 and
June 1988 of 7.4 - 1.9% year -_ (1 sigma) which corresponds
to a factor of 1.71 increase in the SF 6 VMR. If a linear

increase in the SF 6 volume-mixing ratio with time is as-
sumed, a slightly poorer fit to the measurements is obtained,
but the difference is not significant given the estimated

precision of the data. The measured mean 7.4 ± 1.9% year -t
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(1 sigma) increase rate is less than the AER one-dimensional

model calculated rate of 10.3% year -I over the 1981 to 1988

period on the basis of known emission data. Work is in

progress on estimating the magnitudes of other sources and

the sinks of atmospheric SF6 (M. K. W. Ko et al., manu-

script in preparation, 1990).

The present results can be compared with SF6 trends

measured at the surface [Rasmussen and Khalil, 1983] and in

the stratosphere [Leifer et al., 1982; Leifer and Juzdan,

1985] and the atmospheric trend inferred from the depth

profile of dissolved SF6 in the northeast Atlantic ocean

[Watson and Liddicoat, 1985]. Rasmussen and Khalil [1983]

analyzed surface level electron-capture gas chromatography

measurements of SF6 obtained between 1979 and 1983 and

derived annual exponential increase rates of 12.9 - 2.6% at

the south pole and 8.6 - 2.3% in the pacific northwest and a

global average annual rate of 10.5 ± 2.4% (-+ values are the

quoted 90% confidence limits). The trend derived from the

IR data is slightly less than these results, but the IR and

pacific northwest trends overlap within the error limits. The

IR results agree very well with the trend and mixing ratios

reported by Watson and Liddicoat [1985]. Their best fit to

their data was obtained with a linear increase with time, C =

0.34 + 0.084 (Yr - 1970), where Yr is the calendar year and

C is the inferred SF6 atmospheric mixing ratio in pptv.

Values computed with this formula and the corresponding

measured IR mixing ratios are 1.28 and 1.17 pptv for the 1981

balloon flight, 1.63 and 1.42 pptv for the ATMOS/SL3

mission, and 1.89 and 2.02 pptv for the 1988 balloon flight,

respectively. On the basis of electron capture gas chromato-

graphic analysis of air samples, Leifer et al. [1982] estimated

that the mean northern hemisphere stratospheric concentra-

tion of SF6 increased by 61 ± 20% beiween 1974 and 1979.

Analysis of additional SF6 measurements from the same

program yielded an estimated linear increase rate of 21%

year -I between April 1974 and November 1983, correspond-

ing to an increase from 0.16 to 0.48 pptv [Leifer andJuzdan,

1985]. On a compound basis this increase is equal to 12%

year -I which agrees very well with a model calculated

increase rate of 14% year -t over the decade 1973-1983 (M.

K. W. Ko et al., manuscript in preparation, 1990). The

smaller rate of increase (-7.4% year -s) between 1981 and

1988 derived from the infrared data suggests a decline in the

percent rate of SF6 atmospheric accumulation. As noted

previously [Watson and Liddicoat, 1985; Rinsland et al.,

1990], there appears to be a problem with the calibration of

at least some of the reported SF6 measurements. Our VMRs

and those of Watson and Liddicoat [1985] are significantly

higher than corresponding values reported by Rasmussen et

al. [1981], Rasmussen and Khalil [1983], Leifer et al. [1981,

1982], Leifer and Juzdan [1985], Singh et al. [1977, 1979,

1983], and Krey et al. [1977].

3.2. CHCIF2 (CFC-22)

Retrievals of CHCIF2 are based on the narrow, intense

absorption feature at 829.05 cm -I, which was used for the

first spectroscopic detection of CHCIF2 in the lower strato-

sphere [Goldman et al., 1981b]. On the basis of an extensive

analysis of the infrared bands of gas phase CHCIF2, this
feature has been assigned to the Q branch of 2v6 band of

CH35ClF, [Brown et al., 1988]. According to this work, the

enhanced'intensity of the 829.05-cm-i Q branch results from

AND COF: IN THE LOWER STRATOSPHERE

the Fermi resonance with the nearby strong v4 fundamental.

The rotational structure of the 2v6 band has not been

analyzed. The 829.05-cm-I Q branch feature is anomalously

narrow; even at 0.002-cm -_ resolution, its width has been

reported to be essentially instrument limited [Magill et al.,

1986]. Unpublished low-pressure laboratory spectra re-

corded at the University of Denver show the Q branch

feature narrower at 0.002-cm -_ resolution than at 0.02-cm -I

resolution and without recordable fine structure. However,

the measured Q branch width is 0.013 cm -I full width half

maximum absorption (FWHM) in a 0.002-cm -I resolution

University of Denver spectrum recorded with 0.31 ton" of

CHClF2 in a 5-cm-long absorption cell, indicating that the

feature is significantly broader than the interferometer in-

strument function. The peak absorption by the CH35CIF2

2u6 Q branch is 30% in this spectrum so that the observed

broadening is unlikely to be due to saturation effects.

As in previous studies [Zander et al., 1987; Rinsland et

al., 1988b, 1989], empirical CHCIF2 line parameters were

used to model the unresolved rotational structure of the

CH3_CIF2 2v 6 band Q branch. We modified the previous sets

of parameters based on new 0.03-cm-I resolution laboratory

measurements recorded at six temperatures between 203 and

293 K. Details of the laboratory investigation and a descrip-

tion of the spectra have been reported by McDaniel et al.

[1990]. The measured cross sections are believed to be

accurate to 10% or better. A recently reported room temper-

ature measurement of the integrated intensity of the 12-v.m

CHCIF2 bands [Varanasi and Chudamani, 1988] is within

5% of the corresponding value derived from the McDaniel et

al. [1990] spectra, in agreement with this error estimate.

Because the CH35CIF. - Q branch feature is unresolved in the

McDaniel et al. [1990] laboratory spectra and their cross-

section measurements do not properly take into the account

the effects of pressure broadening, the selection of the

CH35CIF2 Q branch parameters was also guided by fittings

to higher-resolution measurements, the 0.003- and -0.02-

cm -I resolution University of Denver stratospheric solar

spectra and -0.005 -cm-I resolution ground-based solar

spectra recorded from Kitt Peak over a range of zenith

angles [Rinsland et al., 1989]. The shape of the modeled Q

branch is essentially the same as adopted previously, but the

integrated Q branch intensity at room temperature obtained

from the new laboratory measurements is lower by -20%.

Also, the peak CHCIF,_ cross section in the new laboratory

measurements increases only by a factor of 1.13 as the

temperature is lowered from 293 to 203 K. a significantly

smaller increase than is predicted with the earlier data. The

combination of these effects produces line intensities at

lower stratospheric temperatures that are --30% lower than

assumed in the past [Zander et al., 1987; Rinsland et al.,

1988b, 1989], and therefore the retrieved CHCIF2 VMRs are

higher by the same amount. In both the laboratory and

atmospheric analyses the vibrational partition function of

CHCIF, was calculated as a function of temperature assum-

ing the'harmonic oscillator approximation and the revised

assignments and fundamental frequencies reported by

Brown et al. [1988]. The assignments and fundamental

frequencies of Plyler and Benedict [1951] were assumed in

the previous studies [Zander et al., 1987; Rinsland et al.,

1988b, 1989]. Over the range of atmospheric temperature

(-200-300 K), this change introduces a difference in the

calculated temperature correction to the CHCIF2 line inten-
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Fig. 3. Example of a least squares fit to a 0.003-cm-1 resolution
stratospheric solar occultation spectrum (June 6, 1988, balloon
flight) in the region of the unresolved Q branch of 2v 6 band of
CH35CIF, at 829.051 cm -L. The spectral data were recorded at
sunset from a float altitude of 36.5 km and at an astronomical zenith

of 94.60 ° during the June 6. 1988, balloon flight. The corresponding
refracted tangent height is 17.1 kin. The residuals (measured minus
calculated values) are shown in the upper panel on an expanded
vertical scale.

sities of <0.4%. The 1986 HITRAN ozone line parameters in

this region were replaced with improved values determined

in a recent analysis [Pickett et al., 1988].

The stratospheric spectra were analyzed over the 828.82-

830.00 cm-I interval with the VMRs of both CHC1F2 and 03

included as free parameters in the retrievals. First, the

0.003-cm-I resolution spectra recorded during the June 1988

balloon flight were fitted over this interval to verify the

quality of the line parameters at the highest recorded reso-

lution. Figure 3 illustrates the results obtained from analysis

of aspect rum recorded at a tangent height of 17.1 km. As can

be seen, the residuals are close to the noise level of the data

(the location of the CH35CIF2 Q branch is marked). The

lower altitude 0.025-cm -1 resolution scans from the 1988

flight and the 0.02-am-I resolution scans from the 1981 flight

were then fitted. The ATMOS/SL3 zonal average spectra at

31°N latitude were also reanalyzed for CHC1F_ and com-

pared with the retrievals reported previously [Zander et al.,

1987]; the agreement between the observed and best fit

spectra and the retrieved vertical profile shape are very

similar to the earlier results, but the absolute CHCIFz VMRs

are -30% higher than obtained with the previous set of line

parameters (for example, the retrieved mean CHClF_ VMR

below 15 km increased from 55 to 70 pptv). In the final

analysis, all of the results have been expressed relative to the

reported ATMOS vertical VMR distribution [Zander et al.,

1987] scaled by 1.28 to account for the effect of the changes

in the CHCIFz line parameters.

Figure 4 shows the measured and AER one-dimensional

model calculated CHCIF,_ VMRs plotted versus time. In the

figure the profile scaling factors of 0.74 "- 0.11 for the March
1981 flight data and 1.46 ± 0.15 for the June 1988 flight data

relative to the ATMOS/SL3 observations (error limits are

estimated l-sigma precisions) have been multiplied by 70

130 I
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Fig. 4. CHClF, volume mixing ratio below 15 km altitude
retrieved from IR" solar occultation spectra and corresponding
predictions of the AER one-dimensional model plotted versus time.
All of the IR results were obtained with the revised CHCIFz
empirical line parameters described in the text. The error bars are
estimated l-sigma precisions. The dashed line shows a fit to be
measurements obtained assuming the CHCIF2 volume mixing ratio
is increasing with time at an exponential rate. The derived trend (9.4
4" 1.3% year -I , 1 sigma) corresponds to a factor of 1.97 increase in

the CHCIF, volume mixing ratio between March 1981 and June
1988.

pptv to convert to VMRs below an altitude of 15 kin, where

the CHCIF, VMR has been assumed to be constant. The

dashed line is a fit to the measurements assuming an expo-

nential rate of increase in the VMR during this time period.

This curve corresponds to an average CHCIFz exponential

increase rate of 9.4 ± 1.3% year -j (l sigma) which equals a

CHCIF 2 VMR increase of a factor of 1.97 between March

1981 and June 1988. As for SF6, a model that assumes a

linear increase in the volume mixing ratio with time yields a

slightly poorer fit than the exponential increase model, but
the results from both are within the estimated precisions of

the measurements. The AER one-dimensional model VMRs,

which are on average 0.72 times the measurements, corre-

spond to a calculated CHCIFz increase rate of 8.2% year- l,

slightly lower than the measured IR trend. The calculated

global increase rate of 10.8% year -t on October I, 1984,

reported by Golombek and Prinn [1989, Table 2] based on

calculations with a global three-dimensional atmospheric

circulation and chemistry model, is slightly higher than our

measured IR trend. The secular increase in CHCIF2 is

illustrated in Figure 5 where the absorption by CHCIF2 is

compared in nearly equal air mass spectra from the 1981 and

1988 balloon flights.

Measured CHC1F_. trends have been reported previously

by a number of investigators [Fabian, 1986; Fabian et al.,

1989; Khalil and Rasmussen, 1981, 1987; Rasmussen and

Khalil, 1982, 1983; Watson et al., 1988, Table C-8.1; Rins-

land et al., 1989]. As summarized by Rinsland et al. [1989],

the reported ground-based studies indicate CHCIF2 increase

rates of 10--13% year -l before 1983, followed by a recent

slowdown in the percent rate of CHCIF., increase (for

example, 7.1% year -I at Cape Grim, Tasmania, 41°S lati-

tude, for 1986 [Watson et al., 1988]). The only previously

reported trend based on stratospheric observations [Fabian

et al., 1989] yields a slightly higher rate of increase, -10%

year -t for the 1982-1987 period. The rate of increase de-

rived in the present study is somewhat less than the strato-

spheric rate of Fabian et al. [1989] but more than determi-
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Fig. 5. Comparison of the absorption by CHCIF2 in nearly
equal air mass spectra from the 1981 and 1988 balloon flights. The
location of the unresolved CHCIF: 2_'6 Q branch and a CO,. line are
marked. The other strong features are O} lines. The tangent height
(T.H.) of each spectrum is given in the lower right corner of the

figure. Note that the resolution of the 1981 flight spectrum is about
20% higher than that of the 1988 flight spectrum. Therefore for a

given amount of total absorption a measured feature appears slightly
narrower and deeper in the 1981 flight spectrum than in the 1988

flight spectrum. The secular increase in CHCIF2 can be noted by
comparing the total areas of the CHCIF2 Q branch in the two

spectra.

nations of the recent trend infrared from surface-level

sampling [Khalil and Rasmussen, 1987; Watson et al., 1988,

Table C-8.1]. The trend determined here from the strato-

spheric infrared observations is also slightly higher than the

trend of 7.8 +- 1.0% year -l (2 sigma) inferred from total

column measurements derived from gr.eund-b=sed infrared

spectra recorded between December 1980 and May 1988

from Kitt Peak (31.9°N latitude) [Rinsland et at., 1989].

A discrepancy between the infrared and air-sampling

VMR measurements of CHCIF2 was noted recently [Rins-

land et al., 1988b, 1989]. The magnitude of the difference

was estimated as -30--40% with the infrared results system-

atically lower than the in situ data. Analysis with the new

CHCIF 2 absorption cross-section measurements [McDaniel

et al., 1990] increases the retrieved infrared CHCIF2 VMRs

by -30%, so that the results of both techniques are now in

much better agreement. Predicted atmospheric burdens de-

rived from estimated industrial emissions appear to be lower

than in situ measurements [Rasmussen et al., 1980; Khalil

and Rasmussen, 1981; Wuebbles, 1983; Fabian, 1986; Fa-

bian et at., 1989] except for the recent model calculations by

Golombek and Prinn [1989] who used the production data

published by the World Meteorological Organization [ 1986].

Obviously, reliable estimates of industrial emissions are

needed to ascertain whether there is a discrepancy between

models and observations. The correction to the IR measure-

ments of CHCIF, is also important because the absolute

calibrations of Ci-IC1F, and methychloroform (CH3CCI3)

have been identified as"important for the determination of

average tropospheric hydroxyl radical (OH) concentrations

[International Global Atmospheric Chemistry Programme,

1989].

3.3. COF,.

Three bands of COF,_, the v6 at 774 cm -I, the u4 at 1243

cm -t, and the v I at 1944 cm -I, have been identified in

high-resolution infrared stratospheric solar occultation spec-

tra [Rinsland et al., 1986; Goldman et al., 1989b]. In the v 6

region, only the unresolved Q branch feature has been

detected since the manifolds in the P and R branches are

rather weak (see Murcray and Goldman [1981] for an exam-

ple of a COF, laboratory spectrum covering this band).

Features of the u4 band have been identified throughout the

1220--1260 cm -I region of the 1988 balloon flight spectra

[Goldman etal., 1989b]. Manifolds of the ul band are visible

in the 1989 balloon flight spectra from about 1930 to 1955
-I

cm .

The absolute accuracies of COF2 retrievals are signifi-

cantly limited by the uncertainties in the COF2 line param-

eters. At the time of the first detection of COF2, no line-by-

line parameters were available for any of the three

observable bands. Preliminary profiles derived from mea-

surements of the equivalent width of the v6 band Q branch

and spectral fits to several manifolds of the vl band near 1938

cm-i using empirical COFz parameters were shown to differ

by as much as a factor of 1.5 [Rinsland et al., 1986]. Since

then, the _'6 band has been analyzed [Thakur et al., 1987;

Goldman et al.. 1990] and preliminary line-by-line parame-

ters have been generated for both the v4 and _q regions (see

Goldman et al. [1989b] and Brown and Cohen [1989] for

descriptions of the parameters for the v4 and ut regions,

respectively), but difficulties remain because of the effects of

unmodeled perturbations in the v4 and vt bands and incon-

sistencies in the calibrations of the absolute intensities in all

three COFz bands. As discussed by Goldman et al. [1990],

several chemical reactions are known to cause the decom-

position of COF2 in laboratory samples, and impurities have

often been reported. To minimize these error effects, the

COF2 trend reported in this paper has been derived from

analysis of the vt band manifolds only.
In the analysis of the vt region we used the preliminary

COF2 line parameters calculated for the Fermi resonant vl

and 2v, bands by Brown and Cohen [1989], provided to us as

a private communication (1989). A mean COFz air-

broadened half width of 0.0896 cm -1 at m-I at 296 K was

calculated by averaging the six microwave Nz-broadening

measurements of Srivastava and Kumar [1976, Table 2].

This value was assumed for all COF2 lines along with an

arbitrary T -°'75 half width temperature dependence. The

vibration partition function for COF, was computed with the

fundamental frequencies reported by Mallinson et al. [1975]

and the standard harmonic oscillator approximation. For O3

we used the calculated line positions and intensities reported

in a number of recent investigations [Malathy Devi et al.,

1987; Rinsland et al., 1988a; Camy-Peyret et al., 1990] with

O3 air-broadened half widths computed using the empirical

polynomial expression reported by Flaud et al. [1990]. Solar

CO lines were simulated as described by Rinsland et al.

[1982] using the Minnaert formula.
Simulations with the new O3 line parameters indicate that

03 is an important intefferent gas in the COF2 vl band

region. Ozone features with central depths of up to 3% are

predicted between 1930 and 1955 cm -l. A number of these

features have been identified in the balloonborne solar

spectra. The strongest 03 lines in this region are from the

3v 3 - vt hot band, which has a band center at 1942.9509

cm -I [Camy-Peyret et al., 1990]. Several of the COFz

manifolds are contaminated by the 03 absorption, for exam-

ple, the 1937.522 -cm-_ feature. Ozone laboratory spectra

?.--
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TABEE 4. Evaluation of Spectral Interference Effects Near

Selected Manifolds of the COF, vl Band in the 1936.0--1940.0
cm- 1 Spectral Region

COF., Manifold Atmospheric and Solar Line
Position, cm -1, Interferences

1936.2587
1936.6820
1937.1037
1937.5218
1938.3567
1938.7736
1939.1872

Slight overlap with two O3 lines
Slight blending with a solar CO line >,
Slight blending with a _veak CO, line 7,

=
Blended with an 03 line o
Unblended _

Blended with a weak solar CO line
Unblended

*Derived from laboratory spectra [Rinsland etal.. 1986. Table I].
Two COFz manifolds with severe blends are not included in the
table.

recorded at 0.005-cm-t resolution with the McMath Fourier

transform spectrometer on Kitt Peak clearly show this

overlapping 0 3 line. The ATMOS compilation [Brown et al.,

1987], which was used in the previous analysis of COF,_, did

not contain any 03 lines between 1926.89 and 1945.42 cm-I,

so that the 03 interference effects were not noticed in the

earlier study of COFz in the v I band region [Rinsland et al.,

1986].

The 1936.0-1940-cm -t region is the most favorable inter-

val for quantitative analysis of the vl band manifolds of

COFz. The COFz manifolds in this region are near the

intensity maximum in the P branch of the vl band. The

strongest R br.anch manifolds, which occur near 1950 cm -l ,

are more severely contaminated by 03 lines. Table 4 pre-

sents an evaluation of the interference effects for each of the

COFz manifolds in the 1936--1940 cm -I interval. Although

simulations indicate that none of these'COFx features are

isolated from atmospheric and solar interferences at the

resolution of the present measurements, the manifolds at

1936.259, 1936.682, 1937.104, 1938.357, and 1939.187 cm -1

are only slightly contaminated and are believed to be the

most favorable COFz features for quantitative analysis from

our data sets.

Derivation of the COF z long-term trend from the balloon-

borne spectra is complicated by four factors: (1) the inter-

ference problem already mentioned, (2) the weakness of the

COFx features (at most 3% absorption), (3) the occurrence of

complex, relatively strong (-5% of peak intensity) channel

spectra in the 1979 flight data (and to a lesser extent in the

1989 flight spectra, and (4) the limited signal-to-rms noise of

the 1979 flight spectra (-100) as compared to the 1989 flight

spectra (-200). These effects can be seen in Figures 6 and 7

which illustrate the flight data and the results of the least

squares spectral fitting analysis.

In the upper panel of Figure 6, 1979 and 1989 flight spectra

recorded at tangent heights near 19.0 km are compared with

a simulation generated without COF2 lines. Tick marks at

top and beneath each spectrum indicate the locations of the

five nearly unblended COF 2 spectral features. All five are

easily seen in the 1989 flight spectrum (bottom scan). The
features at 1936.259, 1936.682, and 1937.104 cm-I appear to

be present in the 1979 flight spectrum (middle scan), but the
ones at 1938.357 and 1939.187 cm -t are not obvious. Two

heavy arrows have been drawn beneath the 1979 flight

spectrum in regions of minimal absorption near 1936.8 and
1938.3 cm-I. The effect of channeling on the shape of the

brpper: Simulc_.]cn, ro CO-"2. Tcngent He;ght=19.0 km
Middle: 1979 Flight, Tangent Height=19.1 km
Lower: !989 Fiight, Tangent Height= 19.0 km

Upper:
Midd!e:
Lower:

1936.5 1937.0 1937.5 1938.0 1938.5 1939.0 19,:39.5

Wovenumber (cm- I)

Simufotion, no COF 2, Tongent Height= 19.0 km
1979 Flight Coodd, T. H.=17.1, 19.1, 21.7 km

1989 Flight, Tongent Height= 19.0 km

1.3

_>" 1.2

"_ 1.1 I

E 1.o N_ Io.g

0.8

0.7 . , I Z COF'

1936.0 1936.5 1937.0 1937.5 1938.0 1938.5 1939.0 1939.5

Wovenurnber (crn- 1)

Fig. 6. Comparison of 1979 and 1989 balloon flight spectra in the
region of the strongest P branch manifolds of the COF 2 Vl band. The
data are shown on an expanded vertical scale and are offset
vertically for clarity. Only the upper part of each spectrum is shown.
Tick marks at top and beneath each spectrum indicate the locations
of five COF, manifolds with minimal blending. In Figure 5a are

plotted a simulation generated without COF__ lines for a tangent of
19.0 km (top scan), a 1979 flight spectrum recorded at a tangent

height of 19.1 km (middle scan), and a 1989 flight spectrum recorded
at a tangent height of 19.0 km (bottom scan). Two arrows mark
regions containing only weak lines; the effects of channeling and
finite signal-to-noise (especially in the 1979 flight data) can be
noticed by comparing the measured spectra and the simulation in
these regions. In the lower panel the simulation without COFz from
the upper panel is repeated at top, the middle spectrum is a coadd of
1979 flight spectra recorded at tangent heights of 17.1, 19. i, and 21.7
km, and the lower spectrum is the 1989 flight spectrum recorded at

a tangent height of 19.0 kin. The measured spectral intensities in the
middle and bottom plots have been divided at each wave number by
the calculated 100% transmittance level derived from a spectral least

squares retrieval analysis of the data; this procedure has been done
to remove the effects of channeling from the spectra. Two arrows in

each panel mark regions with only relatively weak solar and
atmospheric line absorption. The background in these intervals can
be used to judge the spectral signal-to-noise and the distortion
effects due to channeling.

background and the limited signal-to-noise ratio of the 1979

flight data can be noted by comparing the three spectra in

this region.
Some improvement in the visibility of the COF2 features

can be achieved by correcting the background envelope for

channeling effects and coadding 1979 flight scans with similar
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Fig. 7. Example of a least squares fit in the region of the COFz
vl band. The lower panel shows the measured spectrum (solid line)
and the least squares best fit calculated spectrum (open diamonds).
The measured spectrum has been normalized to the highest mea-
sured intensity in the interval; only the upper 40% of the spectra are

plotted. Solid triangles beneath the spectrum mark the location of
the five nearly unblended COF2 manifolds. The upper panel shows
the residuals (observed minus calculated) on an expanded vertical
scale. The measured spectrum was recorded during the 1989 balloon

flight from a float altitude of 32.8 - 0.5 kin. The astronomical zenith
angle and the refracted tangent height of the spectrum are 94.08* and
21.1 km, respectively. The standard deviation of the fit is 0.74%,
close to the noise level in the spectrum.

zenith angles to improve the signal-to'noise. In the lower

panel of Figure 6, reprocessed spectra from the 1979 and

1989 flights are compared with the same spectral simulation

as shown in the upper panel. Each measured spectrum has

been divided by the calculated 100% transmission curve

determined from the spectral least squares retrieval analysis

of the data. Note that the background in the two regions

indicated by heavy arrows is now nearly flat, as in the

simulation• The channeling correction has preserved the fine

spectral structure, as can be seen for example by comparing

the weak lines near 1936.9 cm -t in the 1979 flight spectrum

with the features in the simulation. The 1979 flight spectrum

was produced by coadding spectra recorded at tangent

heights of 17.1, 19.1, and 21.7 km. The signal-to-noise of the

coadded spectrum is improved, although it is still less than

the signal-to-noise of the 1989 flight spectrum at bottom•

Except for the COF2 feature at 1938.357 cm -I , the marked

COF, manifolds appear to be present in the coadded 1979

flight'spectrum, but their absorption depths are consistently

less than measured in the 1989 flight data. Furthermore,

recall that the resolution of the 1979 flight spectra is a factor

of -1.25 higher that the low-resolution spectra from the 1989

flight, so that features of a given absorption strength should

appear narrower and deeper in the 1979 data than in the 1989
data. On the basis of these considerations, the balloon flight

measurements indicate a substantial increase in the amount

of COF, in the lower stratosphere between 1979 and 1989.

As for SF6 and CHCIF2, the COF2 retrievals were refer-

enced to an appropriate ATMOS/SL3 profile. First, the

ATMOS analysis was checked by retrieving a COF., profile

from the ATMOS zonal average sunset spectra (30°N lati-

o University of Denver Spectra (-32 °N)

c I.S
E ,, ATMOS/SL3 Spectra (3D'N)

"_ 1.4 --- Fit to ttae )R Measurements I

¢'J 1,2 u--u AER 1-D model

0 1.0- i...,._ _ _

.._ 0.8,

o

.__ 0.6 T _

i 10
Z 0.2

0.0 i , , I i '
1979 1980 19q81 19 )82 1983 1984 1985 1986 1987 1988 19'89 1990

Dote of Observation

Fig. 8. Comparison between measured and AER one-dimen-
sional model calculated trends in lower stratospheric COFz. Total
columns derived from the October 1979 and April 1989 University of
Denver balloon flight spectra have been normalized to the total
column calculated for the same ray path assuming a profile retrieved
from the ATMOS/SL3 zonal average filter 2 spectra (30*N latitude,
May 1985) [Rinsland et al., 1986]. The error bars are estimated
l-sigma precisions. The dashed line shows a fit to the measurements
obtained with a model that assumes the COF2 volume mixing ratio

is increasing with time at an exponential rate. The derived trend
(10.3 - 1.8% year -I, 1 sigma) corresponds to a factor of 2.67
increase in the COFz volume mixing ratio between October 1979

and April 1989. The AER one-dimensional model columns have
been normalized to a value calculated for the date of the SL3

mission.

tude) using the new set of line parameters and comparing the

retrieved profile with the published profile derived from the

same spectral region [Rinsland et al., 1986, Figure 3, heavy

full line). The two profiles agree within 5% below an altitude

of 38 kin. Then, assuming the published ATMOS vertical

VMR distribution (Table 2), each balloon flight spectrum

was analyzed to retrieve a single multiplicative COF2 profile

scaling factor. The gas amounts of COx and NO were also

fitted along with parameters to model the solar CO absorp-

tion lines, the background, channel spectra, and the effective

instrument line shape• The COFz scale factors from the three

analyzed spectra from the 1979 flight (tangent heights of

17.1, 1911, and 21.7 km) were averaged and the standard

deviation was computed to derive a scale factor of 0.44 ±

0.17 (1 sigma). The same procedure was used to analyze the

1989 flight spectra. A COF2 scale factor of 1.21 +-- 0.24 (1

sigma) was derived from fitting five spectra with tangent

heights between 19.0 and 22.6 kin. Figure 7 presents an

example of the least-squares fitting results obtained from the

1989 flight spectra.

Figure 8 shows the measured and AER one-dimensional

model calculated COF, plotted versus time. The dashed line

is a fit to the measurements assuming that the concentrations

of COF, are increasing at an exponential rate. The fitted

curve corresponds to an average COF2 increase rate of 10.3

± l•8%.year -1 (1 sigma) which is equal to a factor of 2.67

increase over the 9.5-year period (October 1979 to April

1989). Referenced to a base altitude of 18.0 kin, the fitted

curve corresponds to an increase in the COF, total vertical

column from 0.43 x 1014 to 1.20 x 1014 molecules cm -2

over the observation period. The measured increase rate

10.3 --- 1.8% year -I (l sigma) is slightly higher than the AER

one-dimensional model calculated rate of 8.3% year -t for

the same time interval. No other measured or model calcu-

lated COF_, trends have been reported.
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Fig. 9. Spectral features of the COF 2 vt and v 4 bands in
0.0053-cm -t resolution solar spectra recorded with the McMath
Fourier transform spectrometer and main solar telescope operated

by the National Solar Observatory on Kitt Peak near Tucson,
Arizona. The upper panel shows the v t band manifold at 1936.259
cm -I in a spectrum recorded at a mean solar astronomical zenith
angle of 83.20 ° on the afternoon of November 29, 1988 (bottom
curve), and simulations generated for the same spectral resolution
and atmospheric ray path (upper two curves). The simulation are
calculations of COFz absorption only (top spectrum) and the ab-
sorption by all gases except COF_ (middle spectrum). The tick mark
beneath the measured spectrum marks the location of the COF,

absorption peak as determined from the spectrum at top. The three
spectra are offset vertically for clarity. The lower panel presents a
simulation of the absorption by all gases except COF_ (upper curvel
and a Kitt Peak solar spectrum recorded at a mean solar astronom-
ical zenith angle of 75.46" on the morning of December !, 1988
(lower curve). The two spectra are offset vertically for clarity. Solid
triangles beneath the measured spectrum indicate the positions of
strong COFz absorption features determined from line center mea-
surements on a 0.003-cm -I resolution laboratory spectrum of

COF2. The strong features at 1234.226 and 1234.315 cm -I are
J3CH4 and 16OI2CIsO lines, respectively. Weak lines of O3 and

N20 have also been identified in this spectral region.

In the future it should be possible to derive the trend in the

COF2 total column from analysis of high-resolution ground-

based solar spectra. As illustrated in Figure 9, the strong

COF2 v) and *'4 band features can be seen from Kitt Peak,

but they appear as very weak absorptions. High air mass,

high signal-to-noise measurements at resolutions greater

than 0.01 cm -l are required. Care must also be taken to

avoid interferences, especially O3 lines, which are visible in

both spectral regions as narrow features, very similar in

appearance to the COF., absorptions. Because atmospheric

transmission in the COF2 vl band region is strongly attenu-

ated by tropospheric water vapor absorption, any long-term,

ground-based COF2 measurement prom-am based on mea-

surements of the vl band manifolds will require observations

from dry, high-altitude sites. Observations such as the one

illustrated in the upper panel of Figure 9 are seldom possible

from Kitt Peak at an altitude of 2.1 km. At present, too few

high-quality atmospheric observations of the COF_, vl band

manifolds have been recorded from Kitt Peak to measure a

reliable long-term COF, trend. Observations in the v4 band

region are potentially more useful since regions less affected

by H,O can be selected, but accurate COF., total column

measurements are not currently possible because of the

absence of COFz line parameters in the 1230-1235 cm -t

region which is the best for ground-based remote sensing.

The COF., vl and v4 band features have also been identified

in high-resolution solar spectra recorded from the Jungfrau-

joch station at an altitude of 3.58 km (R. Zander, private

communication. 1990).

4. SUMMARY AND CONCLUSIONS

Long-term trends in the lower stratospheric concentra-

tions of three trace constituents have been derived from

analysis of high resolution infrared solar occulation spectra

recorded between 1979 and 1989. The derived average rates

of increase are large, 7.4% - 1.9% year -1 for SF 6, 9.4% ±

1.3% year -I for CHCIF,., and 10.3 _ i.8% year -I for COF2

(1 sigma), and in reasonable agreement with model results.

The observed increases illustrate the rapid changes that are

taking place in the composition of our upper atmosphere.

The derived trends of SF6 and CHCIF2 are in generally good

agreement with the limited number of previously reported

stratospheric trend measurements. The COF,. trend mea-

surements and model calculations are the first such results

reported for this molecule. Both SF 6 and CHCIF2 are

expected to be well mixed in the upper troposphere and

lower stratosphere and thus will exhibit little seasonal or

spatial variation. There are, however, significant variations

in our calculated model distributions of COF2. Hence more

frequent measurements are needed to further quantify its

temporal trend.
Over the decade of these observations, the IR absorptions

of SF 6 and COFz increased from only slightly above the limit

of detection to features that are readily observable (for

example, Figures 5 and 6). For this reason, these gases were

only recently identified. On the basis of these studies it was

then possible to identify and quantitatively analyze these

features in the earlier data sets. In the future, as other gases

increase in abundance as the result of anthropogenic emis-

sions, similar cases will occur so that these early IR data sets

are likely to provide valuable information on the trends of

molecules not yet readily observable. Comparisons of time

series of spectra in the 8-13 /xm atmospheric window may

also be useful in accessing of changes in the opacity of this

climatically important spectral region.

As demonstrated by this investigation, the systematic

analysis of a time series of infrared solar occultation spectra

can yield significant new information about the trends of

stratospheric gases. The data are precise since no absolute

radiance calibration is required, and temperature uncertain-

ties and the attenuation by broad features (for example,

aerosols and continua) are unimportant if appropriate fea-

tures are selected for analysis. However, it is important to

use consistent retrieval methods and consistent spectro-

scopic linelists to minimize systematic error effects. Because

of the sensitivity and broad spectral coverage capabilities of

high-resolution solar occultation measurements, many spe-

cies encompassing a wide range in concentration are re-

corded simultaneously so that a comprehensive analysis of

chemical families in such data sets can provide a unique

opportunity to study the time history of the chemistry

related to the catalytic destruction of stratospheric ozone.
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BALLOON-BORNE MEASUREMENTS OF TOTAL REACTIVE NITROGEN, NITRIC ACID,
AND AEROSOL IN TIlE COLD ARCTIC STRATOSPIIERE

y. Kondo 1, p. Aimedieu 2, W. A. Matthews 3, D. W. Fahey 4, D. G. Murcray 5, D. J. tIofm ann6,

P. V. Johnston a, Y. I wasakal, A. Iwata 1, and W. R. Sheldon 7

Abstract. Total reactive nitrogen (NOy) between 15

and 29 km was measured for the first time on board a

balloon within the Arctic cold vortex. Observations of

HNO3, aerosol, and ozone were made by instruments on

the same balloon gondola which was launched from Es-

range, Sweden (68°N, 20 °E) on January 23, 1989. The

NOy mixing ratio was observed to increase very rapidly

from 6 ppbv at 18 km altitude to a maximum of 21 ppbv

at 21 km, forming a sharp layer with a thickness of about

2 km. A minimum in the NOy mixing ratio of 5 ppbv was

found at 27 kin. The measured HNO3 profile shows broad

similarities to that of NOy. This observation, together

with the observed very low column amount of NO2, shows

that NOz had been almost totally converted to tiNO3,

and that NOy was composed mainly of HNO3. The en-

hanced aerosol concentration between 19 and 22 km sug-

gests that the maximum abundance of HNO3 trapped in
the form of nitric acid trihydrate (NAT) was about 6 ppbv

at 21 km. The sampled air parcels were highly supersat-

urated with respect to NAT. Although extensive denitri-

fication throughout the stratosphere did not prevail, an

indication of denitrification was found at altitudes of 27

and 22 km, and between 18 and 15 km.

Introduction

Total reactive odd nitrogen defined as NOy = NO +

NO2 + NOn + HNO3 + 2(N2Os) + HO2NO2 + CIONO2

+ aerosol nitrate, plays an important role in the chem-

istry of the winter polar stratosphere. HNO3, in combi-
nation with H20, forms aerosols composed of nitric acid

trihydrate (NAT) at temperatures higher than that re-

quired for water ice particle formation. These aerosols

can provide sites for heterogeneous reactions, one of which

converts HCI and chlorine nitrate (C1ONO2, a tempo-

rary reservoir of CIO) into reactive chlorine molecules and

HNO._ [e.g. Solomon el al., 1986; McElroy et al., 1986 I. In
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bulk these H20 and NAT aerosols are referred to as polar

stratospheric clouds (PSCs). If aerosols grow to a suffi-

ciently large size, gravitational settling can occur, leading

to denitrification in the stratoslShere. These processes are

considered to be essential for the large ozone depletion in

the Antarctic stratosphere in spring.

Significant reduction of NOy within the polar vortex

has been observed at an altitude of about 20 km in the

Antarctic stratosphere during early spring [Fahey et al.,

1989a]. In addition, significant amounts of aerosols con-
taining HNOa have been sampled at temperatures above

the HzO frost point [Fahey el al., 1989b]. By contrast,

much less is understood about heterogeneous processes

occuring in the winter Arctic stratosphere. To investi-

gate heterogeneous processes in that region, instrumented

balloons were flown from the Arctic in late January, 1989

as a part of the TECHNOPS campaign organized by the

Centre National d'Etude Spatiale (CNES). Parameters

which were measured for this purpose included reactive

odd nitrogen, NOy between 15 and 29 km, nitric acid,

and aerosols.

Instrumentation

The balloon-borne NOy instrument is based on the

principle of the conversion of NOy species into NO on

a heated gold surface and the subsequent measurement of

NO by a chemiluminescence detector. A detailed descrip-
tion of the instrument is given in Kondo e_ al. [1989].

For the present experiment, _ converter with a diameter

larger than that described in Kondo et al. [19891 was

used to increase the sensitivity. The converter consisted

of 19 gold tubes each of which was 30 cm long, with an

inner diameter of 5.7 mm and a 0.15 mm wall thickness.

They were assembled as a single unit and mounted in

a stainless steel tube 50 cm long, with an inner diame-

ter of 30.5 ram. The temperature of the gold converter

was controlled to be 300 +I°C. Laboratory experiments

have shown an NO2 conversion efficiency as high as 0.98

+0.02, even at 5 mb. Nitric acid in aerosols evaporates

in the converter and is therefore measured as NOy IFahey

et al., 1985, 1989a]. As both the velocity of the sampled

air through the converter and the ascent velocity of the

balloon are a few m/s, no significant enhancement in the

sensitivity of particulate NOy should occur. The accu-

racy of the NOy measurements is estimated to be about

15%.
Other instruments which were mounted on the same

gondola were an infrared radiometer from the Univer-

sity of Denver [Murcray et al., 1969], an aerosol counter
and an ECC ozonesonde from the University of Wyoming

[ltofmann ct aL, 1989], and a chemiluminescent ozone in-
strument from the Service d'Adronomie [Aimedieu ctal.

1987]. The radiometer was designed for measurement of

437
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gas phase HNO3. This was accomplished by measuring at
two wavelengths, one at the peak of the gas phase emis-

sion and the other outside of the region of gas phase emis-

sion but in the region of broad band emission of ice phase

tINO3 or other emitting aerosols. The HNO3 profile was

determined by noting the change in the gas phase emis-

sion with altitude. The accuracy of the HNO3 measure-

ment is about 15%. The aerosol detector was a high-flow

(200 cm3s -1) optical counter with a short (5 cm) inlet

tube insulated from the rest of the scattering chamber to

avoid particle evaporation. The accuracy of aerosol mass

measurements for small (r m 0.2#m) spherical particles is

estimated to be about 15%.

Ground based measurements were also conducted to

support the balloon measurements: column NO2 and

ozone amounts were continuously measured by the PEt

DSIR, and Nagoya University groups at the Swedish

Institute of Space Physics Observatory in Kiruna, us-

ing a zenith viewing visible spectrometer [Johnston and

McKenzie, 1989]. These measurements were made over

the period from 12 January to 28 February, 1989 and will

be reported more fully elsewhere.

Results and discussion

The gondola was flown suspended under a 105 m 3 bal-

loon which was launched from Esrange near Kiruna, Swe-

den (68°N, 20 °E) at 1430 UT on January 23, 1989. The
ozone and temperature profiles measured during ascent

are shown in Figure 1. The altitude was scaled according

to the hydrostatic equation using the observed tempera-

ture. The approximate potential temperature is given on

the right hand side of the figure• It-can be seen that the

temperature was less than or equal to -85°C between 20

and 25 km. Between 22 and 26 kin, a reduction of about

25%, compared to typical values of the ozone profile, can

be seer*; the possible cause for this variation is discussed

in Hofmann et al. I1989a]-
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Fig. I. Temperature (solid line) and ozone profiles (tri-

angles) measured during balloon ascent at Kiruna, Swe-

den [68°N, 20°E) on January 23, 1989.

The NOy and HNO3 mixing ratios, also measured dur-

ing ascent, are shown in Figure 2. It can be seen that

the NOy mixing ratio increased very rapidly from 6 ppbv

at 18 km altitude to a maximum of 21 ppbv at 21 km,

and that the NOy layer centered at 21 km was only 2 km

thick. A sharp minimum in the NOy mixing ratio of 5

ppbv at 27 km was also seen. Judging from the potential

vorticity maps of January 23 and 24, it is very likely that

the present observation was made inside the vortex, but

close to the boundary. Aircraft data show that 2° to 5° in

latitude poleward of the vortex boundary NOy reached a

maximum at potential temperatures between 420 and 470

K [Kawa ct al., this issue]. The present NOy profile corre-
sponding to these potential temperatures falls within the

range of their NOy values observed a few degrees inside

the polar vortex boundary. Our measured column NOy

amount integrated from 14.6 to 29.3 km was 2.0 × 1016

cm -2.
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Fig. 2. Profiles of NO_/ (small open circles),}INO3

(crosses), and the calculated HNO3 mixing ratio con-
tained in the observed aerosols (thin line) measured at

Kiruna on January 23, 1989.

A pronounced layer of aerosol, having a mode radius

of about 0.2ktm, was observed between 19 and 22 kin,

as described in detail in Hofmann et al. ]1989a]. The

HNO3 mixing ratio contained in aerosol (IHNO3]p) was

calculated assuming that all the aerosols were composed

of NAT, and is shown as the solid line in Figure 2. In

this calculation, the observed concentration of aerosols

with radii from 0.2 to 5 Itm was used; however aerosol

with radii smaller than 1/_m dominated the total volume

of HNO3. Below 18 kin, aerosols are composed mainly

of sulfate and it can be seen that the sulfate particles

contributed little to the total volume in the PSC layer

between 19 and 23 kin, and thus caused little error in

the estimate of []{NO3]p. The peak IHNO3]p of about

6 ppbv was reached at 21 kin. The smoothed profile of

[HNO3lp in Figure 2 is very similar to that of INO_] when
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a constant 13 +1 ppbv is subtracted from the NOv pro-

file between 20 and 22 km. It should also be noted that

almost all of the small peaks observed in [HNO3]p exactly

match those in NOv.
From Figure 2, the comparison of NO v with HNO3 be-

tween 15 and 29 km shows good agreement, considering

the difference in the methods of the measurements and

the likely errors. The derived IINO3 mixing ratios were

based on the average emission over a range of approxi-

mately 60 km detected at an elevation angle of about 15 °
during the ascent. As is seen from the sharp peak in the

NO v and IIINO31p profiles between 19 and 21 km, the

HNO3 mixing ratios are averaged over a larger altitude

interval.
The vertical NO2 column amount measured by the

ground based visible spectrometer on January 23 was
about 0.5 x 1015 c m-2, a value similar to, or less than

that typically observed within the Antarctic vortex in

early spring. The uncertainty in the derived vertical col-

umn NO2 amount is =i= 10%. The data sets of NO v ,

[INO3, and column NOt indicate that most of tile reac-
tive odd nitrogen species were in the form HNO3 by the

end of january, 1989. By this time nearly all stratospheric

NOz in the locale had been converted into HNO3, consis-

tent with the predictions of a simulation model [Douglas

and Stolarski, 1989] which includes the effects of heteroge-

neous processes in PSCs under Arctic winter conditions.

Using the experimental results of Hanson and Mauers-

berger 11988], the saturation HNO3 vapor mixing ratio

over NAT for the observed temperature profile has been

estimated and is shown in Figure 3 for two assumed H20

mixing ratios. The HNO3 saturation mixing ratio for

1120 -- 4 ppmv is lower than 3 ppbv between 18 and

24 km. Even for H20 = 2 ppmv, the HNO3 saturation

mixing ratio is still lower than 3 ppbv betweem 19 and

21 km. These low HNO3 saturation mixing ratios and

the observed NOv and HNO3 abundances suggest that
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Fig. 3. Calculated equilibrium saturation mixing ratio

for HNO3 over NAT, using the measured temperature

profile on January 23, 1989 and assuming two H20 va-

por mixing ratios, 2 and 4 ppmv.

large enhancements in the aerosol concentration would

be present under equilibrium conditions. The absence of

an enhanced aerosol concentration therefore indicates a

large supersaturation of HNO3 with respect to NAT. The

aircraft data obtained in the Arctic in January, 1989 ID.

W. Fahey, unpublished data, 1989] exhibit similar super-

saturation in air parce[_ below 20 km at the edges of PSC

activity. It is possible that the air sampled on board the

balloon was in the leading edge of a cloud between 18 and

24 kin. The layer in which aerosols were observed showed

the greatest supersaturation with respect to NAT.

The II20 saturation mixing ratio over ice has been cal-

culated using the observed temperature protile; values

ranging from 4.6 to 5 ppmv are indicated between 20 and

21 kin. The average H20 mixing ratio observed during

the Arctic aircraft campaign was near 5 ppmv inside the

polar vortex at altitudes between 18 and 20 km IK. Kelly,

unpublished data, 1989].
The NO!t/oz°ne ratio determined using the simultane-

ously measured ozone profile is shown in Figure 4. Both
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Fig. 4. Ratio of NO v to ozone measured at Kiruna on

January 23, 1989.

NO_t and ozone have relatively long lifetimes for only gas

phase chemical processes. This ratio can provide a bet-

ter indication of possible denitrification than NO_t alone

since small scale variations will cancel each other [Fahey,

unpublished data, 1989]. The aircraft data cited above

show a mean value of the NOv/O3 ratio between 3 and

5 x 10 -3 for altitudes between 15 and 20 km for both

60 ° and 70°N latitude. Values much less than 3 x 10 -s

will indicate the loss in NO v • It should also be noted that

ozone profile as shown in Figure 1 does not show signs of

enhanced layers that could also result in the decrease in

the NOv/On ratio. At around 27 km, a large minimum

in the NOv/ozone ratio can be seen. According to the

SAM I[ and lidar haeasurements in previous years by Mc-

Cormick et al. [1982, 1983J, PSCs are sometimes observed

up to this altitude. A possible interpretation of the mini-

mum around 27 km is that PSCs had removed NOv from
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this region. A dip in the NOy/ozone ratio around 22 km

can also be seen, although it is less pronounced. The mea-

sured NOy/O3 ratio was 2.5 :t:l x 10 -3 between 15 and 18

kin, suggesting again considerable NOy depletion. In the

future an important goal should be a background mea-

surement of the winter Arctic stratosphere unperturbed

by heterogeneous processes. The degree of denitrifica-
tion in the data presented here may be better understood

when such a background NOy profile is available for com-

parison.
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ABSTRACT

Tunable diode laser heterodyne

spectrophotometry (TDLHS) has been used to make

extremely high resolution ( < 0. 0005 cm -I ) solar

spectra in the 9.6 micron ozone band.

Observations have shown that a signal-to-noise

ratioof95:l ( 35% of theoretical ) foran

integration time of 1/8 second can be achieved at

a resolution of 0. 0005 wavenumbers. The spectral

data have been inverted to yield a total column

amount of ozone, in good agreement with that

measured at the nearby National Oceanographic and

Atmospheric Administration (NOAA) ozone

monitoring facility in Boulder, Colorado. '

i. INTRODUCTION

Tunable DiodeLaserHeterod_eSpectroscopy

(TDLHS) has the ability to produce very high

resolution atmospheric spectra. The concept of

heterodyning and its applications to instruments

for atmospheric measurement have been discussed

previously by a number of authors, including

Fujiietal. [ 1978 ], Menziesetal. [ 1981 ],

Glenaret al. [ 1983 ], andKostiukandMumma

[ 1983]. Inparticular, FrerkingandMeuhlner

[ 1977 ] have appliedTDLHS to the study of

atmospheric ozone, with a resolution of

0.0067cm-landasignal-to-noiseratioof40. At

theUniversityofDenver, theins_tdescribed

byAllarioetal., [ 1979, 1980 ] has recently

produced spectra having a resolution of

0.0005cm-lorbetter, atwavelengthsintheregion

of the 9.6 _m ozone band. Some of these spectra

have been inverted to provide column ozone

amounts whichwere found tobeingoodagreement

withvaluesobtainedattheNationalOceanographic

and Atmospheric Adiministration (NOAA). A

number of the line positions have been compared

to the Hitran database[Rothmanetal., 1987],

with updated ozone lines [Goldman and Murcray,

1988 ] and in the majority of the cases the

frequencies are found to match to better than

0.001 cm -I .

2. INSTRUMENTATION

The theory behind heterodyne detection is

well known, and its application tothe TDI/4Shas

been discussed byMcElroyetal. [ 1988 ]. The

voltage signal-to-noiseratioSv[Blaney, 1975],

can be arrived at by considering our

photoconductor to be a square-law detector and if

we consider the noise bandwidth of the output

filter to be on the order of I/r, where T is the

post-detection integration time constant of the

system. Therefore,

_Ps

S v = 4_IF r

2hVBIF ( 1 + U6B@ )

where _ is the quantum efficiency of the

photoconductor, V is the photon frequency, BIF is

the bandwidth of the intermediate frequency,

6 = [ exp (hv/kTB) - 1 ] -i, where T B is the black-

body temperature of the source, and _ = l for a

thermal source that completely fills the field-of-

view. If values typical to this instrument and

atmospheric spectroscopy are used, that is,

7=0.38, TR=5500K, BIF=3.1MHz, f =0.125s,

V 3. 1013-Hz, Ps=2hv6[3BiF, andwe applythe

quantum limit hv>> kTB, then S v is approximately

1200: i. Other losses such as chopper efficiency

(50%) and losses due to the optics (45%) result in a

final figure of approximately 260:1.

The University of Denver TDLHS was

constructed by the NASA research group in

Langley, Virginia. The instrument concept was

describedby Allario et al. [ 1979, 1980 ]. D/ring

the past year of its life at the University of

Denver, the instrument has been considerably

modified resulting in a reduction in temperature

tuning errors and a consequent improvement in

wavelength stability. The optical arl-angement is

more or less unchanged, except for the addition of

±

Fig. i. The optical schematic diagram of the

instrument. Mirrors are indicated by the

letter M, diffraction gratings by G, the I

beamsplitter by BS and the lens by LI. !



focussing capability at the detector, andis
illustz_ted in FigureI. Solarradiationis
into the instrument bymeansof aclock-driven
mirror. Thesolar tracker directs the light to
mirror MI, which reflects it to anoff-axis
paraboloidM6,whichproducesanimageof thesun
at the pin-hole located immediatelybeforethe
chopper. Thelight exiting the pinhole is
collimatedbymirror M5,dispersedbygratingGI,
andfocussedonto the exit pinholeHlbymirror
M4. Thelight exiting HI is collimatedbymirror
M3anddirected towards the beamsplitterBSby
mirror M2.Light fromtheTDLlocal oscillator is
collected by lens L1andit then falls onthe
beamsplitter where it combines with the solar beam

with phase matching. After the beamsplitter, the

composite beam is focussed upon a high-speed

mercury-cadmium-tellurium ( HgCdTe ) photcmixer

biased asaphotoconductor. Theheterodyne

signal, which contains the spectral information, is

then separated from the DC component. The

amplified RF signal is then bandpass filtered to sot

the desired instrumental resolution. Currently,

there are 7 different bandpass options available.

The highest resolution is derived from a channel

having a bandpass that ranges from i to 4.1 MHz.

After the bandpass filtering, the signal is square-

law detected by a broadband RF detector (0.1 to 1

GHz) and subsequently phase-sensitive detected

using a dual slope integrator. The integrator is

ramped up during the open cycle of the chopper,

and then ramped down again during the closed

cycle. The phase-sensitive detection process

provides a large rejection ratio for sources of

noise such as detector thermal noise and other

background sources which are unmodulated.

It should be noted, that the signal from the

detector RF amplifier is proportional to the square

root of the solar intensity, or equivalently, to the

solar field strength. After the signal is square-law

detected, a signal which is proportional to the

solar intensity as well as the local oscillator

intensity results. This is the signal which is

phase-sensitive detected and then recorded as

spectral data.

3. SPECTRAL ANALYSIS

The spectra are viewed and manipulated by

means of software written for an IBM PC/XT. All

of the spectra presented here have had a 3 point

( FWHM ) triangular filter applied to them. A

wavelength calibration is generated through the

application of calculated dispersion coefficients.

The dispersion coefficients are generally calo/lated

by taking the current scan values for selected

lines and then performing a linear or quadratic

regression against line positions as determined for

the Borne, DA3 interferometer [ Murcray et al.,

1988 ], which is currently demonstrating an

unapodized resolution of 0.002 cm -I . For a lirear

regression, this method generally provides

agreement between the wavelength calibration of

the spectra of the order of 10 -4 cm -I. In all

icases, only fairly narrow, well-defined lines were

used in these regressions, one of which is required

for each current scan. It is necessary to provide

ia wavelength scale in this manner, because a

sufficiently accurate independent method has not
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Fig. 2. Comparison of a Bomem solar spectrum to

3 TDLHS solar spectra between 1005.0

and 1005.25 cm -I . The Bomem spectrum

was taken on Oct. 21, 1987 at a zenith

angle of 66.5 ". The TDLHS spectra were

taken on Feb. 26, 1987 at zenith angles

of 54", 70", and 77" respectively.

been incorporated into the TDLHS as yet.

The signal-to-noise ratios quoted here were

calculated by determining the standard deviation of

a number of points in a region where the spectral

intensity appeared to be relatively constant. Tnls

method could well yield a noise level greater than

the actual one, but it is unlikely to yield one that

is less. The theoritical signal-to-noise ratio for

the 4.1 MHz channel is 260 :1, while the observed

signal-to-noise ratio calculated by this method is

95:1, or 35% of theoretical.

TDLHS spectra have been compiled in 4

regions. They are as follows: 996 - 997 cm-l,.

1004.9 - 1005.3 cm -I, 1009.6-1010.2 c_ -I,

1012.0 - 1012.5 cm -I . The observed TDI/{S spectra

have been compared to the Hitran database, and to

Bomem DA3 spectra taken during October and

November of 1987. In each case the higher

resolution and signal-to-noise of the TDI/IS can be

seen. Figure 2 shows three scans taken on

February 26, 1988 from 1005.0to1005.25cm -I.

Each scan was calibrated independently as

described earlier. The higher resolution can be

seen in that the TDLHS can better resolve a

number of lines that the Borne, interferometer

spectra show as slope changes in the sides of

lines. Figure 3 shows acomparisonbetween

Bomem and TDLHS spectra in the region

1009.6 cm -I to 1009.8 cm -I. The TDLHS resolves

a line at 1009.61880 cm -I, while theBomem

spectrum indicates that there may be a feature at

that frequency. A similar phenomenon is seen with

the line at 1009.70334 cm -I. All the

interferometer data were collected by scans of 4

minute duration.
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Fig. 3. Comparison of TD_S solar spectra to a

_mem solar spect_ between 1009.6 and!

1009.8 cm -I . The Bomem is as described.

in Figure 3, while the TDLHS spectra

were taken on May II, 1988 at zenith

angles of 56.5" and 63.5" respectively

Figure 4 illustrates a spectrum taken January

21, 1987 at the University of Denver ( altitude

I. 6 km, 39.5 "N 105"W ) . This spectrum was taken

while the instrument was in its original

configuration, and it has a signal-to-noise ratio of

45: I, or 17% of theoretical. The curves in Figure

5 compare an expanded portion of the observed

spectrum taken at 0. 0016 cm -I resolution, to a

simulation using line parameters which are the

same as those on the Hitran compilation, with the

exception of the line positions, which were

adjusted to agree with the observed data. The

climatological vertical distribution of ozone at

mid-latitude was taken as a starting point for a

non-linear spectral least squares fitting procedure

which scaled the whole profile until the best

possible agreement between the two curves was

obtained [ Goldman et al., 1983 ]. It can be seen

that the three lines shown are not all fit with the

same precision. This difference is due to the

combined effects of inaccuracies in the compiled

line intensities and hal fwidths, and the fact that

the observed lines result from states of rather

different, relatively high, energies and are

therefore affected differently by changes in the

local temperature.

In order to investigate the possibility that

the observed and simulated spectra might be

brought into better agreement if the temperature

profile of the model atmosphere were changed, the

fitting program was run in such a way that the

temperature profile could be scaled to achieve the

best agreement between the data and the model

results. When this was done a slightly different

total column amount of ozone was obtained, with

no apparent improvement of the fit, with the

difference between the two amounts being about

1.0

1.0

z

0.0

i & I I I i

996.7t

WAVENUMBER (era-i )

Fig. 4. A solar spectrum taken by the TDLHSon

January 21, 1987, at a zenith angle of

60.1". The upper curve shows data from

the Ito 4.1MHz channel, while the

lower oneplotsthesignalfromthel0to

20 MHz bandpass channel.

Fig. 5.

1.0

0.0'

996.68

8%. The column amounts obtained in these

calculations are 344 and 317 m-atm-cm for the

fixed and adjusted temperature profiles,

respectively. The ozone total column amount

determined bytheDobsonozonespectrophotumeter

[ private communication

R. Evans, 1987 ], is

I

996.74

%YAVENUMBER (cm -I )

60.10"

996.80

This figure shows a comparison of the

observed data and the results of a

spectral simulation over a narruwregicn

containing several ozone lines. The

ozone amount was adjusted to give the

best fit, and the spectrum shown was

calculated with 344m-atm-cmof

ozone in the model atmosphere.

996.84

at NOAAat Boulder

fromW. Komhr and

355 m-atm-cm.



TheDobsontotal ozoneamountwasadjusted
by3.9%before beingcomparedto the infrared
results, with thereported369Dobsonunit Boulder
measurementcorrected to 355m-atm-cm.This
adjustment is neededbecausetheDobsonvalues
are now known to read high compared to
ultraviolet andchemicalmeasurementsof ozone
[ private communication from J.B. Kerr,
Atmospheric Environment Service, 1987 ]. •

4. CONCLUSIONS

The TDLHS isjust now beginning torealize

its potential. It ishopedthatabetterselection

of TDL's will become available in the not to

distant future, thereby increasingthe numberof

spectral regions which can be investigated. The

higher resolutionoftheTDLHS providesthe

potential tobetterresolvethespectrallinesof

absorbers whose lines overlap those of other

atmospheric constituents. Higher spectral

resolution will provide better resolution of

constituentverticalprofileswhichwouldbenefit

line shape inversion studies.
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Infrared Measurements of Atmospheric Gases Above Mauna Loa, Hawaii,

in February 1987

C. P. RINSLAND

Atmospheric Sciences Division, NASA Langley Research Center, Hampton, Virginia

A. GOLDMAN, F. J. MURCRAY, F. H. MURCRAY, R. D. BLATHERWICK, AND D. G. MURCKAY

Physics Department, University of Denver, Denver, Colorado

Infrared solar absorption spectra recorded at 0.02 cm -t resolution from the National Oceanic and

Atmospheric Administration (NOAA) Geophysical Monitoring for Climate Change (GMCO program
station at Mauna Loa, Hawaii (latitude 19.5°N, longitude 155.6"W, elevation 3.40 kin), in February 1987
have been analyzed to determine simultaneous total vertical column amounts for 13 atmospheric gases.
Average tropospheric concentrations of CO v NzO, CH4, and CHC1Fa and the daytime diurnal vari-
ations of the total columns of NO and NO 2 have also been inferred. The retrieved total columns (in
molecules ¢m-') of the nondiurnally varying gases are 1.6 4- 0.2 x l0 ts for HCi, 5.9 4- 1.2 × l0 ts for
HNOp 2.0 + 0.2 x 10 ,t for HIt60, 4.4 + 0.7 x 1018 for HltgO, 2.7 4- 0.1 x 1017 for HDO, 2.3 4- 0.2
x 10 t9 for CH,, 5.0 + 0.5 x 102t for CO 2, 6.7 4- 0.8 x 10 t8 for 0 3, 4.3 4- 0.4 × I0 t8 for NaO, 1.0 4- 0.2
x 10 t6 for C2H 6, and 9.7 + 2.5 x 10 t* for CHCIF2. We compare the total column measurements of HCl

and HNO 3 with previously reported ground-based, aircraft, and satellite measurements. The results for
HCl are of particular interest because of the expected temporal increase in the concentration of this gas
in the stratosphere. However, systematic differences among stratospheric HCI total column measure-
ments from 1978 to 1980 and the absence of observations of free tropospheric HCI above Mauna Loa
make it impossible to obtain a reliable estimate of the trend in the total burden of HCl. The measured

HNO_ total column is consistent with aircraft measurements from ~12 km altitude. The 0 3 total
column deduced from the 1R spectra agrees with correlative Mauna Loa Umkehr measurements within
the estimated error limits. The column-averaged D/H ratio of water vapor is (68 4- 9) x 10 -6, which is
0.44 + 0.06 times the reference value of 155.76 x 10"e for standard mean ocean water (SMOW). This

large depletion in the D content of water vapor is similar to published measurements of the upper
troposphere and lower stratosphere. Average tropospheric concentrations deduced for CO2, N20, and
CH,, are in good agreement with correlative NOAA GMCC surface data, indicating consistency l:mtween
the measurement techniques for determining tropospheric volume mixing ratios. Results of the present
study indicate that Mauna Loa is a favorable site for infrared monitoring of atmospheric gases. The site

is particularly favorable for monitoring the tropospheric volume mixing ratios of long-lived gases, since
the high altitude of the tropopause reduces corrections required to account for the decrease in volume

mixing ratio in the stratosphere.

l. INTRODUCTION

This paper presents the results of a quantitative analysis of

absorptions by a number of minor and trace atmospheric

gases in 0.02 cm- t resolution solar absorption spectra record-

ed at a number of solar zenith angles on 4 days in February

1987 by F. J. Murcray and F. H. Murcray at the National

Oceanic and Atmospheric Administration (NOAA) Geophysi-

cal Monitoring for Climate Change (GMCC) program station
at Mauna Loa, Hawaii (latitude 19.5°N, longitude 155.6"W,

elevation 3.40 kin). The spectral data were recorded with a

Michelson-type Fourier transform spectrometer, with a maxi-

mum path difference of 50 cm and a scan time of 62 s. This

instrument has been used previously to obtain many balloon-

borne, ground-based, and laboratory spectra by the University

of Denver spectroscopy group (see Goldman et al. [1988] for a

description of the instrument and data collection system).

There were a numberof reasons for obtaining these obser-

vations. First, Mauna Loa is a dry, high-altitude site, where

there is a very significant reduction in the spectral interference

by the strong H:O absorptions usually present in IR spectra

Copyright 1988 by the American Geophysical Union.

Paper number 88JD03259.
0148-0227/88/88JD-03259505-00

recorded from ground-based sites. This reduction allowed us

to Obtain measurements of several key trace atmospheric gases

not usually accessible through ground-based IR observations.

For example, we have been able to obtain simultaneous

measurements o.f the daytime diurnal variations of the total

columns of NO, and NO through observations of NO2 lines

of the strong v_ band at 6.2 tam and the weaker v t + vs band

at 3.4 tam and of the NO lines of the fundamental vibration-

rotation band at 5.3 tam. Second, we were interested in obtain-

ing IR data from a low21atitude station. To our knowledge, no

such ground-based IR Observations have been obtained pre-

viously inthe tropics. The spectra compose a permanent

record of the state of the atmosphere at the time of the obser-

vations and can be compared with spectra from other lo-

cations and times to establish latitudinal distributions and

temporal trends of minor and trace species. We are in the

process ofcollecting data from a number of sites at different
latitudes for tfiis purpose (e.g., South Pole Station, Antarctica,

New Zealand, Kitt Peak in Arizona, Mount Evans in Col-

orado, NASA Langley in Hampton, Virginia). To our knowl-

edge, with the exceptions of ongoing total ozone measure-

ments with a Dobson instrument and visible region measure-

ments of NO2 obtained in 1978 [Noxon et al., 1983], the

present results prov!de the only measurements of total col-

12,607
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TABLE I. Experimental Parameters for the Atmospheric Spectra

Spectral
Date in Transition Region,

1987 Type cm -_

Feb. 6 sunrise 2450--3300
sunset 2450-3300

Feb. 8 sunrise 1500--2000

noon 1500-2000
Feb. 9 sunset 1500-2000
Feb. 10 sunrise 750-1300

Solar Astronomical

Zenith Angle, deg

80.34, 78.24, 77.54

78.53, 82.75, 84.86, 86.30
80.60, 69.52, 68.52
34.48, 48.30
63.74, 75.74

84.31, 82.87, 81.49, 80.07

umns from Mauna Loa. Our results therefore provide bench-

mark observations of the total burdens of a number of gases

above this site. For gases concentrated primarily in the strato-

sphere (e.g., HCI and HNO3), our measured total columns can

be compared with values from airborne latitudinal surveys

[e.g., Mankin and Coffey, 1983; Girard et al., 1982, 1983]. Our

measured ozone total column can be directly compared with

correlative Mauna Loa Dobson results. Finally, since Mauna

Loa is a NOAA GMCC site, we were interested in using the

IR measurements to deduce average tropospheric con-

centrations of long-lived gases for comparison with the

NOAA GMCC site measurements. As will be shown in this

paper, our results for CO 2, CH,, and N,O are in excellent

agreement with NOAA GMCC sampling measurements at

Mauna Loa. This implies that the Mauna Loa surface sam-

piing measurements of these gases are representative of their

average tropospheric concentrations. Because of the high alti-

tude of the tropopause, the stratospheric contribution to the

total column is relatively small. Therefore the uncertainty in

the assumed mixing ratio distribution in the stratosphere

causes only a small uncertainty in the derived mean tropo-

spheric volume mixing ratio. Also, althoughthe height of the
tropical tropopause varies on both interannual and annual

time scales and with the solar cycle [Gage and Reid, 1981,

1985; Reid and Gage, 1981, 1985], these variations are smaller

than at higher latitudes and hence of lesser significance in

interpreting time series of IR measurements. For these rea-

sons, we believe that Mauna Loa is more suitable for IR

monitoring of the tropospheric concentrations of long-lived

gases than higher-latitude sites, where the tropopause is lower

and more variable in height.

2. DATA AND ANALYSIS METHOD

The spectral data have been analyzed using the technique of

nonlinear least squares spectral curve fitting. Details of the

application of this method to the analysis of ground-based

infrared solar spectra are described in several recent papers

[cf. Rinsland et al., 1982a; Goldman et al., 1983, 1987a]. Except

as noted in the following discussion, line parameters were

taken from the 1986 Air Force Geophysics Laboratory high-

resolution transmission (HITRAN) molecular absorption da-

tabase [Rothman et al., 1987]. Radiosonde soundings from

Hilo, Hawaii, on the date of the spectral measurements were

used to define the vertical pressure-temperature profile for the
analysis. The tropopause was between 17 and 18 km altitude

during the observations. The 15°N annual atmosphere from

the U.S. Standard Atmosphere (1966) supplements was used to

extend the pressure-temperature profile from the upper alti-

tude limit of the soundings (about 30 kin) to 100 kin. These

pressures and temperatures were input to a ray-tracing pro-

gram [Gallery et al., 1983] to calculate the total air mass,

mass-weighted pressures, and mass-weighted temperatures for

each of 17 layers for the analysis of each spectrum. The total

vertical column amount of air above Mauna Loa is calculated

to be 1.44 x 1025 molecules cm -_.

Table 1 summarizes the spectra included in the present

study. The signal-to-rms noise ratio of the spectral data is

about 200. It should be recalled that each spectrum provides a

simultaneous measurement of a large number of constituents

in the same volume of air.

Previous studies [e.g., Goldman et al., 1983, 1987a; Murcray

et al., 1987] have shown that the total columns of most gases

can be retrieved from the University of Denver ground-based

spectra to a precision of several percent and to absolute accu-

racies of 10-20%. Following the procedures described in these

earlier investigations, errors in the total columns have been

estimated, based on the sensitivity of the results to changes in

the assumed vertical mixing ratio distributions and the as-

sumed pressure-temperature profile and on knowledge of the

uncertainties in the spectroscopic line parameters. Examples of

sensitivity studies are presented in a previous paper [Goldman

et al., 1983].

Narrow lines arising primarily from absorption in the low-

pressure stratosphere (e.g., HCi, 03) show a small asymmetry

in the spectral profile indicating residual phase distortion (see,

for example, Figures 5 and 9 of this paper), probably caused

by incomplete alignment of the instrument during the run.

Total columns retrieved, using various assumptions to model

the measured line profiles, vary by about 5%. This source of -

uncertainty has been included in all of the la total column

error estimates reported later. Phase errors are believed to

also distort the shapes of broader lines (e.g., H20, CH,, NaO),

but these effects are difficult to separate from line shape asym-

metries caused by pressure-induced line shifts (significant air-

broadened line shifts have recently been measured in methane

near 7 gm [Rinsland et al., 1988a; Malathy Deui et al., 1988]),

errors in the assumed line positions, and line-mixing effects.

Note, for example, rather large, second-derivative-type re-

siduals near the CH 4 and CO t lines in Figure 3, a N20 line in

Figure 6, and the CH 4 lines in Figure 7.

Ground-based infrared solar spectra also contain infor-

mation on the vertical distributions of the observable gases.

However, the weighting functions in altitude are rather broad.

For the present analysis a reference volume mixing ratio pro-

file for each gas [e.g., Smith, 1982] has been scaled by a single

multiplicative factor until the best fit to the spectrum is
achieved.

3. RESULTS

Table 2 lists the spectral regions analyzed in this study. A

number of these intervals were used in earlier studies of Uni-
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TABLE 2. Spectral Regions Analyzed in the Present Study

Spectral Region,
cm-' Target Gases Other Gases

776.00--776.50 CzHz O_. CO,.
828.95--829.20 CHCIF, CO:, C,. He,
868.(R)-869.00 H N O 3
871.80--873.20 HNO 3

1146.40--1146.56 03
1155.39-I 155.56 03
1163.34-1163.48 03
1597.97-1598.17 NO 2
1599.73-1600.00 NOz
1857.23-1857.35 NO
1887.48-1887.58 NO 03
1896.95-1897.05 NO COz
1914.95-1915.05 NO

2583.10-2583.75 NzO
2621.20-2624.20 HDO, CH4 CO2, solar OH

2626.35-2626.80 COz
2632.15-2632.50 CO,. HDO
2657.00-2658.00 HDO, CH4
2660.20-2660.80 HDO
2806.15-2806.55 NzO
2819.20-2819.64 H2160, HCI
2843.55-2843.80 HCI
2908.70-2911.02 CH4 H ,O
2914.40---2914.70 NO, C_'14
2925.80-2926.10 HCI

2976.65-2977.10 CzH 6 O3
3155.00--3155.58 H2160 CH4
3201.30-3201.65 COz 03
3204.50-3204.85 CO
3205.00-3205.60 Hz_O

versity of Denver spectra recorded from South Pole Station

[Goldman et al., 1987a, 1988; Murcray et al., 1987"]. The target

molecules are listed along with identifications of additional

telluric and solar species occurring in each interval. The re-

gions were selected to provide features that have minimal tem-

perature sensitivity and minimal overlapping interference. The

natural isotopic ratios incorporated in the intensities on the

1986 HITRAN compilation [Rothman et al., 1987] have been

assumed in the analysis of molecules other than HzO; for

water vapor the H z tee, H z tso, and HDO isotopes have been

analyzed separately.

Water Vapor

To analyze for the total column for each isotope, the water

vapor line intensities were divided by the isotopic abundance

assumed for each on the HITRAN compilation [Rothman et

al., 1987, Table IV]. The U.S. Standard Atmosphere (1962)

water vapor profile given by McClatchey et al. [1972, Table

BI"] was scaled by a multiplieative factor in the fittings of all

regions. Because of the dryness of the stratosphere and the

high altitude of the tropopause in the tropics, the relative

contribution of stratospheric HzO to the total column is very

small. With the assumed vertical HzO profile, over 99.9% of

the HzO molecules in the total vertical column are calculated

to be located below the tropopause.

It has proven quite difficult to locate isolated lines with

suitable temperature-insensitive intensities for analysis. Figure

I shows a fit to the primary HztrO line, a 2v 2 band transition

at 3155.348 cm- t with a lower state energy of 446.511 cm- t.

Because of overlapping absorption by a methane line on the

high wave number wing, the analysis required the simulta-

neous retrieval of both the H 2t60 and CH 4 total columns.

The retrieved Hz'60 total column amount from this interval

is 2.1 + 0.4 × I0 't molecules" _m -2. As a cheek on this result,

the 2819.2-2819.64 cm-i interval was also analyzed. It con-

tains a more temperature-sensitive 2v 2 band line at 2819.449

cm-1 (lower state energy of 782.410 cm-t) with the P3 (1-0)

band H3"CI line at 2819.559 cm -l overlapping on its high

wave number wing. The retrieved Hz_60 column of 1.9 + 0.2

× 10 zt molecules cm -2 is consistent with the result from the

3155.348 cm-_ line. A weighted average value of 2.0_ 0.2

× 10 zt molecules cm-2 has been adopted as the best estimate

for the Hzx60 column. The selected H2xsO line at 3205.412

cm -_, a 2v z band transition with a lower state energy of

172.882 cm -_, is isolated and yields a total column of 4.4

+ 0.7 x 10 t8 molecules cm -2. The fit to this line in the 80.34 °

solar zenith angl e spectrum of February 6, 1987, is shown in

Figure 2. There are numerous intervals between 2620 and

2680 cm- _ that contain isolated HDO lines with temperature-

insensitive intensities. The three regions analyzed yield an esti-

mate of 2.7 + 0.1 × 10 _" molecules crn -z for the HDO total

column. Figure 3 shows an example of one of the HDO fits.

Standard mean ocean water (SMOW) is the generally ac-

cepted standard for reporting isotopic compositions of oxygen

and hydrogen in natural samples. According to the IUPAC

Commission on Atomic Weights and Isotopic Abundances

[1983"], recommended values for the D/H and the asO/t60

ratios in SMOW are (155.76 + 0.05) x 10 -_ [Hagemann et al.,

1970] and (2000.20 + 0.45) x 10 -6 [Baertschi, 1976], respec-

tively. Normalized to these reference isotopic concentrations,

the measured column amounts correspond to a column-

averaged D/H ratio of 0.44 + 0.06 and a column-averaged

_sO/t60 ratio of 1.I0 + 0.21. The deuterium depletion is ex-

pected primarily because HDO, the main deuterated constit-

uent, is slightly less volatile, and therefore it preferentially

remains in the condensed phase. Large and increasing deple-

tions of D with altitude are predicted [Kaye, 1987]. The same

effect should also produce small depletions of 1sO in water

vapor; such depletions have been measured [see Kaye, 1987"].

At 0°C, Kaye [1987] calculates a depletion that is 9 times

larger for D than for _sO. Assuming the minimum D deple-

tion and the maximum :sO depletion obtainable from the

error limits of our measurements, we calculate a lower limit of

~5 for the ratio of the deuterium to the _sO depletion in the

total column.

The large depletion in D obtained from our total column

water vapor measurements is similar to the values determined

from other remote sounding measurements, e.g., our study of

University of Denver South Pole solar spectra [Goldman et al.,

1988], long-path surface measurements with a gas filter corre-

lation spectrometer [Cosden et al., 1977], balloon-borne and

aircraft infrared solar spectra of the stratosphere [Rinsland et

aL, 1984b], and far-infrared thermal emission spectra of the

stratosphere [Abbas et al., 1987]. Numerous in situ measure-

ments of D/H in tropospheric water vapor have also been

reported, all indicating significant depletions in deuterium

relative to SMOW, especially in the middle to upper tropo-

sphere (see, for example, Rozanski and Sonnta# [1982] and the

comprehensive review article on isotopic molecular frac-

tionation in planetary atmospheres by Kaye [1987]). The re-

sults show a great deal of variability from measurement to

measurement, with a trend of decreasing D depletion with

altitude in the troposphere, especially in the lower tropo-

sphere. The latter result is supported by analysis of the same
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Fig. L Comparison between measured (solid curve) and best fit calculated (plus symbols) spectra in the region of
3155.348 cm -L line of H:'SO. The measured spectrum was recorded at an astronomical zenith angle of 80.34 ° on
February 6, 1987. Residuals (measured minus calculated) are plotted at top on an expanded vertical scale.

H DO and H z tsO lines in IR solar absorption spectra record-

ed by G. A. Harvey (NASA Langley Research Center, private
communication, 19.87) in October 1987 from near sea level at

NASA Langley (37.1°N latitude, 76.3°W longitude, elevation

10 m). A column-averaged normalized D/H ratio of 0.75 has

been retrieved from these data_

, The low abundance of water vapor above Mauna Los at

the time of the observations can be demonstrated by noting

that the retrieved H20 total column is _ 10% lower than a

value deduced from similar spectra recorded from South Pole

Station on December 3, 1986 [Goldman et al., 1988]. Hence

although 0.8 km lower in altitude than nearby Mauna Ken, a

well-known site for .infrared, submiUimeter, and millimeter

astronomical observations, Mauna Los Observatory can also

be a very dry observing site. However, wide variations of at-

mospheric temperature and humidity lead to wide variations

in atmospheric H20 concentratibns, so that observations at

Other times may be more or less favorable in terms of dryness

than those reported here.

Carbon Dioxide

Four intervals containing temperature-insensitive lines of

carbon dioxide have been analyzed. The 2626 and 2632 cm- t

intervals each contain a singl e R branch line of the 20002-
00001 band of t6012C180. The 2632 cm -t window was used

by Farmer et al. [1987] in their analysis of ground-based solar

spectra recorded from McMurdo, Antarctica. The 3201 and

3204 cm-t intervals each contain a single line of the 21103-

00031 band of 12C160 v Unpublished 0.01 cm -1 resolution

room temperature laboratory spectra of ozone recorded with

the McMath Fourier transform spectrometer (M. A. H. Smith,

NASA Langley, private communication, 1987) show several

lines in the 3201.30--3201.65 crn -t analysis interval that are

not on the 1986 HITRAN compilation [Rothman et al., 1987].

These O 3 lines are weak but clearly seen in the Mauna Los

spectra. Their presence has a negligible impact on the CO 2
retrievals.

The adopted CO 2 line parameters are reported in Table 3.

The positions and intensities for the two 16ol2C180 lines are

from the study by Malathy Devi et al. [1984]; the intensities

are 0.5-1.0% lower than on the 1986 HITRAN compilation

[Rothraan et al., 1987]. This small difference results from the

effect of a nonzero higher order F-factor coetIicient obtained

by Malathy Devi et al. [1984] but not included in the

HITRAN calculation [Rothman, 1986]. The positions and in-

tensities for the two tzCteO2 lines are from the study by

Benner et al. [1988]. These intensities are about 5% higher

than on the 1986 HITRAN compilation [Rothman et al.,

1987]. The air-broadened half widths are from the 1986

HITRAN compilation [Rothman et al., 1987]. A T -°'Ts tem-

perature dependence was assumed for the CO 2 air-broadened

half widths. Figure 4 shows an example of a fit to one of the

t_OlzCtsO lines.

An estimate of" 5.0 + 0.5 x 1021 molecules cm -x has been

obtained for the total vertical CO, column amount near 1800

UT on February 6, 1987. This corresponds to a column-
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Fig. 2. Comparison between measured (solid curve) and best fit calculated (plus symbols) spectra in the region
containing an isolated line of H 2 tsO. The measured spectrum was recorded at an astronomical zenith angle of 80.34 ° on
February 6, 1987. A channel spectrum with a period of 0.275 cm-t has been included in modeling the data. Residuals
(measured minus calculated) are plotted at top on an expanded vertical scale.

averaged volume mixing ratio (VMR) of 349 +_ 35 parts per

million by volume (ppmv), in excellent agreement with an un-

published GMCC measurement of 346.7 ppmv at Mauna Loa

during the same morning (P. Tans, private communication,
1988). This GMCC value is from a preliminary reduction of
the data and is estimated to be accurate to a few tenths of a

part per million by volume. The inclusion of a decrease of 7

ppmv from the tropopause to the midstratosphere in the as-
sumed reference CO 2 vertical distribution, as has been report-

ed by Bischofet al. [1985], would raise the retrieved infrared

mean tropospheric CO 2 VMR by only 0.2%.

Ozor[e

Each of the three windows selected for analysis contains an

isolated line of the v t band of t60 s with a temperature-
insensitive intensity. The adopted line positions and intensities

for each are from the study of Flaud et al. [1987]. The 1986

HITRAN compilation intensities for these lines are 0.917-

0.926 times the Flaud et al. [1987] intensities. The air-

broadened O 3 half widths from the 1986 HITRAN compi-

lation [Rothman et al., 1987], which result from the calcula-

tions of Garnache and Rothman [1985], have been multiplied

by 1.07 to agree with the recent laboratory measurements of

Smith et aI. [1988]. The adopted line parameters are given in

Table 4. A T -°76 temperature dependence has been assumed

for the O 5 air-broadened half widths [Gamache, 1985].

Figure 5 gives a example of one of the ozone fits. As noted

in section 1. the line shape is slightly asymmetric. This asym-

metry has been modeled in the calculation of the best fit spec-

tra.
From the fittings, the total vertical column amount of ozone

above Mauna Loa on the morning of February 10, 1987, is

estimated to be 6.67-1-_0.80× 10 ts molecules ¢rn -2 or

248 + 30 Dobson units (DU). The agreement between the

various retrievals is 4%; this value has been adopted as the

estimate of the precision. The rather large error estimate is

dominated by the estimated 10% uncertainty in the absolute

intensity scale for the O 3 lines [Flaud et al., 1987]. There is an

urgent need for laboratory studies to improve the absolute

accuracy of infrared ozone line intensities.

Umkehr spectrophotometric measurements of total column
ozone were obtained at Mauna Loa on the same morning as

our IR spectral measurements. The measured value of 235 DU

(R. D. Evans, personal communication, 1988) is slightly lower

than our value of 248 + 30 DU, but in agreement within our

measurement uncertainty. If the 1986 HITRAN 03 parame-

ters [Rothman et al., 1987] are assumed in our retrievals, a

total O 3 column of 275 DU, 1.18 times the correlative

Umkehr measurements, is obtained. This significantly poorer

agreement suggests that there is need to update the HITRAN

parameters using the results of Flaud et al. [1987] and Smith

et al. [1988].

Nitrous Oxide

Two spectral intervals in the 3- to 4-/_m region have been

analyzed to retrieve the N20 total column amount. The lower
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Fig. 3. Comparison between measured (solid curve) and best fit calculated (plus symbols) spectra in a region contain-
ing several lines of HDO. The measured spectrum was recorded at an astronomical zenith angle of 80.34" on February 6,
1987. Residuals (measured minus calculated) are plotted at top on an expanded vertical scale.

interval, 2583.10-2583.75 cm-t, is dominated by the R26 line

of the t4N2t60 20 °0--'00°0 band at 2583.385 era -t, with a

lower state energy of 294.059 cm- 1. For a 2°K error in tem-

perature, the intensity per molecule of this line changes by less
than 1% between 200 and 300 K. The 2806.15-2806.65 cm -1

interval contains the R9 line of the I"N z t60 01 t I_00o0 band.

Figure 6 shows an example of the fitting results for this region.

A relative profile with a constant N20 VMR in the tropo-

sphere and a decreasing VMR in the stratosphere, based on in

situ measurements and satellite measurements of the Nimbus

7 Stratospheric and Mesospheric Sounder (SAMS) instrument

has been assumed. The stratospheric values were obtained

from the equatorial data presented in Figure 9 of Jones and

Pile 1"1984]; a smooth curve was drawn through the in situ
data from 15 to 35 km and extended to higher altitude with

the SAMS annual mean profile. Approximately 91% of the

N20 total vertical column is located below the tropopause.
The total columns obtained from the fittings agree to better

than 5% and yield a total vertical column amount of 4.3 ___0.4

x l0 Is molecules cm -2, which corresponds to a column-

averaged VMR of 299 + 25 parts per billion by volume

(ppbv). An estimate of 308 + 30 ppbv for the mean VMR in

the troposphere is obtained from the retrieved total column

amount and the assumed vertical distribution, in excellent

agreement with a value of 306.2 + 2.0 ppbv, obtained from a

preliminary reduction of the Mauna Loa NOAA GMCC flask

sample measurements of January 26, 1987, the date closest to

the recording of our infrared spectra (J. W. Elkins, unpub-

lished measurements, 1988).

Recently, Conner et al. 1"1987] have reported three N20

TABLE 3. CO: Line Parameters Adopted in the Analysis

Lower State

Position Intensity Half Width Energy
Transition

2626.62961 4.319 x 10-zs 0.0769 100.1374 RI6 20002-00001 628
2632.36693 3.514 x I0 -25 0.0715 220.8681 R24 20002-00001 628
3201.47684 4.958 x 10-z_ 0.0715 234.0829 R24 21103-00001 626
3204.76075 5.114 x 10 -25 0.0695 316.7693 R28 21103-00001 626

Positions are given in cm -1, intensities in cm-_/molecule cm -z at 296 K, half widths in cm-I atm-
at 296 K, and lower state energies in cm-L Transitions are in HITRAN compilation format [Rothman,

1986].
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Fig. 4. Comparison between measured (solid curve) and best fit calculated (plus symbols) spectra in the region of an
isolated line of carbon dioxide. The measured spectrum was recorded at an astronomical zenith angle of 7-/.540 on
February 6, 1987. Residuals (measured minus calculated) arc plotted on an expanded vertical scale at top. The CO2 line is

the R24 transition of the 20002-00001 band of the t6ot2CtSO isotopic species.

stratospheric VMR profiles derived from ram-wave spec-

trometric observations obtained from Mauna Kea in June

1983 and in May and June 1986. The retrieved profiles agree

reasonably well with the SAMS satellite profiles, except above

40 kin, where the Mauna Kea VMRs are about a factor of 2

higher than the SAMS VMRs. Because the upper stratosphere

contributes only a small amount to the N20 total column,

this difference has a negligible effect on our IR retrievals; the

inferred mean tropospheric N2 O VMR is decreased 0.3% by

assuming the Conner er ol. [198"/] stratospheric distribution

instead of the SAMS stratospheric distribution.

Methane

Three intervals in the 3- to 4-/_m region were selected for

retrieval of the CH_ total column amount. The primary inter-

val, 2908.70-2911.02 cm-t, contains three strong lines of the

v 2 + v, band of tZCH_, with intensities that are nearly inde-

pendent of temperature (lower state energies of 219.9 era-t) •

An example of a fit is shown in Figure 7. This interval was

utilized in a previous study of University of Denver spei:tra

recorded from South Pole Station [Goldman et al., 1988]. As

for N20, a vertical profile shape with a constant VMR in the

troposphere and a vertical decrease in VMR in the strato-

sphere based on in situ and SAMS instrument data has been

assumed. The stratospheric values were obtained by drawing a

smooth curve through the tropical (10 °S to 10ON latitude)

data presented in Figure 5 of Jones and pyle [1984]. Approxi-

mately 90% of the CH, total vertical column is located below

the tropopause.
The retrievals yield an estimate of 2.3 4- 0.2 x 1019 mole-

cules cm -2 for the total CH, vertical column. This amount

corresponds to a column-averaged mixing ratio of 1.60 4- 0.14

TABLE 4. O_ v, Band Line Parameters Adopted in the Analysis
Rotational Assignment

Half Lower State .I" Ka" g ¢ 't

Intensity Width Energy J' K°' Kc'
Position 3 25

1146.4715 3.95 x 10-:z 0.0723 372.4103 29 4 26 28
1155.5132 2.84 × 10-:: 0.0699 189.0092 14 7 7 13 6 8
1163.4222 2.57 × 10-z: 0.0700 253.8827 16 8 8 15 7 9

Positions are given in cm -_ , intensities in cm -_/m°lecule cm-2 at 296 K. half widths in cm -t arm-'

at 296 K, and lower state energies in cm -_
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Fig. 5. Comparison between measured (solid curve) and best fit calculated (plus symbols) spectra in the region of an
isolated line of ozone. The measured spectrum was recorded at an astronomical zenith angle of 80.07 ° on February 10,

1987. Residuals (measured minus calculated) are plotted at top on an expanded vertical scale.
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Fig. 6. Comparison between measured (solid curve) and best fit calculated (plus symbols) spectra in the region of the

R9 line of the L+Na _60 01_l-00°0 band. The measured spectrum was recorded at an astronomical zenith angle of 80.34 °

on February 6, 1987. Residuals (measured minus calculated) are plotted at top on an expanded vertical scale.
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nated by methane absorption.The measured spectrum was recorded at an astronomical zenith angle of $0.34 ° on February
6, 1987. Residuals (measured minus calculated) are plotted in the upper panel on an expanded vertical scale.

ppmv. An estimated mean tropospheric VMR of i.64 _+ 0.16

ppm is obtained from the measured total column and the
assumed vertical distribution. This value can be compared

with data from flask samples collected at Mauna Loa within
minutes of our infrared observations. The measured hourly

averaged CH, concentration of 1.665 ppmv between 1700 and

1800 UT on February 6, 1987 (L. P. Steele, unpublished data,

1988) agrees within 2% with our nearly simultaneous infrared

data. (See Steele et al. [1987] for a discussion of the calibra-

tion of the Mauna Loa CH, NOAA GMCC data.)

Comparisons of infrared mean tropospheric VMR and the

NOAA GMCC surface measurements are potentially useful

for detecting deviations from a uniform CH, volume mixing

ratio in the troposphere. A constant VMR profile is indicated

by measurements obtained at northern hemisphere mid-

latitudes by collection of flask samples from aircraft [Ehhalt

and Heidt, 1973; Reichle and Condon, 1979]. Also, the data of
Rasmussen and Khalil F1982] show no conclusive evidence for

differences in CH, volume mixing ratios measured above and

below the tropical boundary layer. However, a comparison by
Steele et al. [1987] of the very precise NOAA GMCC data

sets from Cape Kumukahi and Mauna Loa, Hawaii, which are

in close geographic proximity but separated by 3.34 km in

altitude, indicates that on average the Mauna Loa CH, con-

centrations are lower than the Cape Kumukahi values by 22

ppbv (~ 1.5%). No conclusive evidence for differences in the

seasonal cycles at these two sites was found. Vertical profile

gradients that vary with season have been measured in the
mid-latitudes of the southern hemisphere; these data also

show a significant reduction of the surface level CH, seasonal

cycle in the middle troposphere and the absence of a seasonal
cycle in the upper troposphere [Fraser et al., 1984,' 1986].
Additional infrared spectral measurements from Mauna Loa

at various times of the year would allow an opportunity to

compare the seasonal variation in these results with those
determined from the NOAA GMCC site data.

Nitric Acid

The HNO 3 vertical distribution assumed in the analysis was
obtained by combining measurements and model predictions.

In the stratosphere we have adopted the 20°N latitude Febru-

ary 1979 monthly mean volume mixing ratios measured by the
Limb Infrared Monitor of the Stratosphere (LIMS) experi-

ment aboard the Nimbus 7 satellite ['GlUe et aL, 1984]. Below

12 km altitude we have adopted the calculated HNO3 volume

mixing ratios from profile A of Logan et aL [1981, Figure

12a], scaled by 0.225 to agree with the average daytime con-

centration of 18 parts per trillion by volume (pptv) measured

at the Mauna Loa NOAA GMCC station by Galasyn et al.

I"1987] during February 1985. Volume mixing ratios between
12 km altitude and the tropopause were obtained by smoothly

extending the upper and lower altitude distributions, using the

reference HNO_ profile of Smith [1982] as a guide. Our refer-

ence HNO3 distribution corresponds to a total vertical

column amount of 5.9 x 10 ts molecules cm -z. About 86% of

the HNO3 molecules are located in the stratosphere. About

96% of the HNO3 molecules are above 12 km altitude, the
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Fig. 8. Comparison between measured (solid curve) and best fit calculated (plus symbols) spectra in a region contain-
ing three P-branch manifolds of the vs band of nitric acid (HNOs). The measured spectrum was recorded at an astro-
nomical zenith angle of 84.31 ° on February 10, 1987. Residuals (measured minus calculated) are plotted at top on an

expanded vertical scale.

approximate base altitude of previously reported aircraft total

column amount surveys.

Two spectral intervals containing a number of strong P-

branch manifolds of the v s band of HNO 3 were analyzed,

assuming the 1986 HITRAN compilation line parameters

[Rothman et al., 1987"1. Total column amounts retrieved from

four spectra using these two intervals agree to 5%, a value we

have adopted as the estimate of the precision. The average
retrieved total column amount of 5.9 × l0 ts molecules cm -2

is estimated to have an absolute accuracy of 20%, based on

sensitivity studies similar to those reported by Murcray et al.

l"1987]. Figure 8 shows an example of the fitting results.

Results of a number of -_urveys of the latitudinal variation of

the total vertical column amount of HNO 3 are collected in

Figure 2 of Murcray et al. 1"1987]. At the latitude of Mauna

Loa, these values range from about 4 to 6 × 1015 molecules

cm -z. Hence our Mauna Loa result is located in the upper

part of the range of these measurements.
As noted above, measurements and model predictions sug-

gest that the troposphere contributes only a relatively small

amount to our measured total column. However, our infrared

data were recorded in winter, when the HNO 3 surface con-

centrations at Mauna Loa are lowest [Galasyn et al., 1987].

Highest concentrations were measured during the late

summer. Assuming the average daytime surface concentration

of 97 pptv measured in August to scale the same vertical

distribution shape [Logan et al., 1981, Figure 12a, profile A],
we calculate a total vertical column of HNO3 below 12 km

altitude of 1.4 × 10 t s molecules can-2, about 24% of our mea-

sured total column. Hence seasonal changes in the tropo-

spheric column amount need to be considered in interpreting

a time series of HNO s total columns measured from the

ground, even from a remote site such as Mauna Loa. Al-

though a diurnal cycle (higher concentrations during the up-

slope wind hours of 0900-2100 LT) in the ground-level con-
centrations at Mauna Loa was also observed, Galasyn et al.

1"1987] believe these changes are the result of depletion

through dry deposition on the mountain's elevated surface

and are unlikely to be reflected in the free troposphere. The

daytime measurements of Galasyn et al. [1987] are consistent
with GAMETAG measurements of free tropospheric HNO 3

[Huebert and Lazrus, 1980] obtained during the same time of

the year (see Galasyn et al. [1987] for a discussion).

Hydrogen Chloride

As in two recent ground-based studies [Goldman et al.,

1987a; Farmer et al., 1987], we adopted the P2 transition of

H35CI at 2843.625 cm-t and the R1 transition of H35CI at

2925.897 cm -1 as the principal lines for the atmospheric

quantification of hydrogen chloride. The total columns

derived from the fittings of these two lines agree to better than

5%. An example of a fit to the RI line is shown in Figure 9.
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The HCI lines are narrow, even at the highest zenith angles,

indicating that most of the HC1 molecules are located in the

upper atmosphere. As concluded by Goldman et al. [1986], the

measurements show little sensitivity to the details of the tro-

pospheric HCI profile; the fitting results and retrieved total
column amount change very little for low and medium con-

centrations of tropospheric HC1 in the model. 10 t s tool-
The retrieved total column amount of 1.6 4- 0.2 x

ecules cm-2 is plotted in Figure 10 along with aircraft obser-

vations and model predictions of the HCI stratospheric

column abundance, as presented in Figures 11-12 of the

World Meteorological Organization (WMO) [1986] report.

Our measured total column is about a factor of 2 higher than

three measurements obtained between 18.3°N and 24.5°N lati-

tude in 1978 [Mankin and Coffey, 1983]. However, the Mauna

Loa column is very close to the measurement of 1.5 + 0.5

x l0 ts molecules cm -2 for the total HCI column near 25°N

in 1980 [Girard et al., 1982]. The latter measurement was

subsequently revised upward to 2.0 4-0.5 x 10 t5 molecules

cm-2 because of changes in the assumed spectroscopic pa-

rameters [Girard et al., 1983]. The rather large discrepancy

between these two sets of aircraft total column amount

measurements needs to be resolved before the present data

can be used to derive any information about the long-term

trend in the HCI total column. Additional measurements are

needed to assess the seasonal and short-term variability of the

total column and to determine the contribution of tropo-

spheric HC1 to the total column.

Ethane

As in three recent studies [Rinsland et al., 1987; Dano "Nhu

and Goldman, 1987; Goldman et al., 1988], we have utifized the

unresolved v_ band PQ3 subbranch at 2976.8 cm- t for quanti-

fication of atmospheric C2H6- Line parameters for H20 and

CH, were adopted from the 1986 HITRAN compilation

[Rothman et al., 1987]. Line parameters for C2H6 and 03

were taken from the study by Rinsland et al. [1987]. The

adopted CzH6 parameters agree closely with the values

derived independently by Dang-Nhu and Goldman [1987]. A

total C=Hs column amount of 1.0 +0.2 x l0 ts molecules

cm-2 has been retrieved assuming the one-dimensional model

vertical distribution of Ko and Sze [1984], as presented in

Figure 11-7 of WMO [1986]. Figure 11 shows an example of

the fitting results.
The Mauna Loa total column amount corresponds to a

mean C,H6 volume mixing ratio of 0.70 ppbv. This result is

similar to corresponding values obtained from ground-based

infrared spectral measurements at northern mid-latitudes

[Zander et al., 1982; Coffey et al., 1985; Rinsland and Levine,

1986; Dano -Nhu and Goldman, 1987] and is a factor of ~3

higher than similar measurements from South Pole Station

[Goldman et al., 1988]. Since latitudinal surveys of C:Hs con-

centrations in clean air at remote sites near the surface show

maxima at northern mid-latitudes with strong concentration

gradients in the northern tropics [Sino het al., 1979; Rudolph

and Ehhalt, 1981; Singh and Salas, 1982; Rasmussen and
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2v 2 band Q branch of CHCIF:. The measured spectrum was recorded at an astronomical zenith angle of 84.31 ° on
February 10. 1987. Residuals (measured minus calculated) are plotted at top on an expanded vertical scale.

Khalil, 1982; Ehhalt and Rudolph, 1984; Blake and Rowland,

1986], the similarity between the Mauna Loa and the north-

ern mid-latitude mean VMRs is surprising. The rather high

Mauna Loa total column may result from the seasonal cycle

of C:H6; the present measurements were obtained in winter,

when C2H 6 concentrations are reported to be the highest

[Tille et al., 1985; Blake and Rowland, 1986]. However, in

another study, Singh and Salas [1982] did not find any evi-

dence for a seasonal cycle during 1979-1981 at Point Arena,

California (39°N). Additional Mauna Loa spectral measure-

ments during other seasons would be useful to quantify the

seasonal cycle of C2H6.

Difluorochloromethane (CFC-22)

Figure 12 shows an example of a fit to the narrow, intense

2v: Q branch of CHCIF: at 829.05 cm-'. This feature has

been used previously for atmospheric quantifications from

ground-based [Zander et al., 1983], balloon-borne [Goldman

et al., 1981a], and space-shuttle-borne solar spectra [Zander et

al., 1987]. The spectroscopic parameters adopted for CHCIF:

were provided by L. R. Brown (Jet Propulsion Laboratory,

private communication, 1987) and are based on fittings to

room-temperature and low-temperature laboratory spectra re-

corded at 0.005 cm-t resolution with the McMath Fourier

transform spectrometer at the National Solar Observatory on

Kitt Peak. These parameters are described by Brown et al.

[1987] and Zander et aL [1987]. Parameters for additional

gases in the window region (only CO: and C_H 6 are signifi-

cant contaminants) were taken from the 1986 HITRAN com-

pilation [Rothman et al., 198_)]. The CHCIF 2 vertical distri-

bution reported by Zander et al. [1987] was assumed in the

fittings.

An estimate of 9.7 4- 2.5 x I0 t" molecules cm -e has been

derived for the total vertical column of CHCIF 2 above Mauna

Loa. This corresponds to a column-averaged VMR of 68 4- 17

pptv, close to column-averaged values from Kitt Peak (31.9°N

latitude) solar spectra of 67 + 16 pptv on April 26, 1981, and

90 4- 18 pptv on March 6, 1982 [Zander et al., 1983]. Since

the CHCIF 2 volume mixing ratio decreases above the tropo-

pause [Fabian et al., 1985; Zander et al., 1987], the tropo-

spheric VMR is slightly higher than the column-averaged

VMR; an estimate of 78 _ 20 pptv for the mean tropospheric

VMR is obtained from our value and the vertical distribution

we have assumed. This result can be compared with pre-

viously reported infrared and in situ measurements of the

troposphere. A profile covering the 10- to 30-km altitude

range at 30°N was deduced from infrared spectra recorded

with the Atmospheric Trace Molecule Spectroscopy (ATMOS)

instrument from the space shuttle in May 1985 [Zander et al.,

1987]. The Mauna Loa mean tropospheric VMR estimate is

slightly higher than the ATMOS value of 55 +_ 5 pptv at 10

kin. Unfortunately, CHC1F2 is not currently being measured

at Mauna Loa. Published surface sampling measurements in-

dicate that the Concentration of CHClF 2 is increasing by

about 12-16% per year [Khalil and Rasmussen, 1981; Fabian

et al., 1985; Fabian, 1986]. The inferred Mauna Loa tropo-

spheric VMR is 0.71 times an estimated northern hemisphere

surface value of ll0 pptv, derived by extending the trend in
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TABLE 5. Simultaneous NO and NO_ Vertical Column
Amounts

Total Vertical Column
Amount, 10 .5 molecules

Astronomical cm-"
Zenith Date in

Angle, deg 1987 NO NO:
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sumed by us, (3) errors in the CHCIF2 line parameters utilized

in the spectroscopic analysis, (4) a decrease in the CHCIFz

VMR with altitude in the troposphere, or (5) a combination of

the above-mentioned factors.

80.60 M Feb. 8 2.02 (20) '"
80.34 M Feb. 6 "'" 1.30 (26)
78.24 M Feb. 6 " 1.25 (24)
77.54 M Feb. 6 "" 1.40 (28)
69.52 M Feb. 8 2.29 (23) !.69 (17)
68.84 M Feb. 8 2.34 (23) 1.88 (19)
48.30 N Feb. 8 2.68 (27) 2.10 (21)

34.48 N Feb. 8 2.80 (28) 2.51 (25)
63.74 A Feb. 9 3.11 (31) ""
75.74 A Feb. 9 2.59 (26) ""
78.53 A Feb. 6 "" 2.93 (29)
82.75 A Feb. 6 "'" 2.60 (26)
84.86 A Feb. 6 "" 2.59 (26)
86.30 A Feb. 6 "'" 2.81 (28)

M, morning scan; N, noon scan; A, afternoon scan. Values in

parentheses are the estimated precision of the measurements in
units of the last digit.

the 1976-1982 data in Figure 7 of Fabian [1986] to February

1987.

The discrepancy between the IR and the extrapolated sur-

face sampling data may be caused by (1) an error in the cali-

bration of the surface sampling data, (2) a slower increase in

the surface level CHCIF2 VMRs from 1982 to 1987 than as-

Nitric Oxide

The daytime diurnal variation of NO has been measured

from three spectra recorded during the early morning of Feb-

ruary 8, 1987, two spectra recorded near noon on the same

day, and two spectra obtained during the late afternoon of

February 9, 1987.
As in our recent study of infrared spectra recorded from

South Pole Station [Murcray et al., 1987], the well-isolated

NO lines at 1857.275 cm -t (P5.5) and 1914.990 cm -t (Rll.5)

were selected as primary features for the analysis. Spectral

fitting retrievals were also run with the less favorable NO lines

at 1887.523 cm- t (R2.5) and 1896.990 cm- t (R5.5). The R2.5

line is overlapped by a weak O 3 line at 1887.580 cm -t, and

the R5.5 line is overlapped by a weak CO 2 line at 1897.023

cm-t. The nitric oxide lines (actually unresolved 2 doublets

with component separations of 0.011 cm-t) are weak features

in the Mauna Loa spectra with maximum absorptions of

~ 5% or less.

Table 5 lists the retrieved NO total vertical column

amounts. These values were determined assuming the 1986

HITRAN spectroscopic line parameters [Rothman et al., 1987]

and art NO vertical VMR distribution for clean tropospheric

conditions [Rinsland et al., 1984a, Table 3"1. Figure 13 shows

an example of the fitting results. The precision of the NO total
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Fig. 13. Comparison between measured (solid curve) and best fit calculated (plus symbols) spectra in the region of the
P5.5 line of NO at 1857.275 cm- 1. The measured spectrum was recorded at an astronomical zenith angle of 80.60 ° on the

morning of February 8, 1987.
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columns in Table 5 is ~ 10%, based on the agreement of the

individual retrievals from each spectrum and on photo-

chemical model studies of errors resulting from the assump-

tion of an NO vertical profile shape that does not change with

time [Rinsland et al., 1984a]. The absolute accuracies of the
total columns are lower, ~ 20%, since the values also depend

on the accuracies of the assumed NO spectral line parameters,

the assumed pressure-temperature profile, and the assumed

shape of the vertical NO profile distribution; furthermore, as

noted previously, they are affected by the inaccuracies in the

modeling of the phase distortions in the spectral line profiles.

Uncertainty in the values of the NO line intensities is a

major source of potential systematic error. The intensities on

the 1986 HITRAN compilation [Rothman et al., 1987] were

calculated by Gillis and Goldman [1982] and are normalized

to agree with the high-resolution measurements of individual

P- and R-branch lines by Mandin et al. [1980]. Although this

normalization is supported by the integrated absorption

measurements of Holland et al. [1983], a number of other

studies have obtained intensities that are ~10-15% lower

[see Ballard et al., 1988]. A 10% uncertainty in the intensities

has been assumed in our error budget calculations.

Figure 14 compares the present results with total columns

retrieved from a series of 0.01 cm-t resolution solar absorp-

tion spectra recorded from Kitt Peak (latitude 31.9°N, lon-

gitude 111.6°W, 2.095 km altitude) on February 23, 1981. It is

reasonable to compare these results, since the two sets of

measurements were obtained at nearly the same time of year

from sites separated by only 12.4 ° in latitude and were derived

using the same analysis techniques (nonlinear least squares

spectral fitting). Also, the NO line parameters assumed for

both studies are from the same calculation [Gillis and Gold-

man, 1982]. The daytime diurnal changes derived from the two

sets of measurements are consistent: an increase in the NO

total column during the morning, late afternoon values about

40-50% higher than in the morning, and a decline in the total

NO column prior to sunset. The Mauna Loa data include two

measurements obtained near noon. These values are ~ 12%

Lower than the afternoon measurement at a zenith angle of

63.74 ° , suggesting that the peak in the total column occurs

sometime in the early afternoon, rather than at noon. How-

ever, since this difference is very close to our estimated preci-

sion, we believe that additional measurements need to be ob-

tained to confirm this result.

At the same time of day, the Mauna Loa total column is

~ 0.7 times the Kitt Peak total column. This substantial differ-

ence conflicts with the aircraft stratospheric total column

measurements of Coffey et al. [1981] which, as shown in their

Figure 9, indicate no significant latitudinal gradient below

35°N in winter (however, their higher-latitude data show a

clear decrease in the total column above 40°N in winter).

Since the Kitt Peak and Mauna Loa data were obtained on

single days in February 1981 and February 1987, it is possible

that this discrepancy may be caused by variability and/or

long-term trends, rather than a latitudinal gradient in the total

column of NO. Additional aircraft and ground-based

measurements are needed to resolve this discrepancy. From

analysis of aircraft IR measurements obtained in November

1976 near 20°N latitude, Girard et al. [1979] report a total

column of 5.0 x l0 ts molecules cm -2 above 11 km at sunset,

nearly a factor of 2 higher than the total columns measured in

the late afternoon from Mauna Loa and the total column of

3.08 × LOts molecules cm -2 above 12 km, measured at sunset

on February 12, 1978, near 22.6°N latitude [Coffey et al.,

1981].

Nitrogen Dioxide

As noted previously [Murcray et al., 1987], the intense v 3

band of NO 2 near 6.2/am is usually unobservable in ground-

based solar spectra because of overlapping strong absorption

by intense water vapor lines. Under especially dry conditions,

NO 2 absorption features can be detected in several small

(_2-5 cm -I wide) windows between 1585 and 1610 cm -l.
These lines have been observed in solar spectra recorded from

South Pole Station EMurcray er al., 1987] and are clearly seen

in the low to intermediate air mass Mauna Loa spectra, where

signal-to-rms noise ratios of 200-500 are achieved in the NO 2

window regions. Figure 15 shows the best window region in

one of the Mauna Loa spectra; identifications of the observ-

able atmospheric and solar features are given. Unfortunately,

water vapor absorption is much stronger in the high air mass

Mauna Loa spectra and, primarily for this reason, these spec-

tra have too low a signal-to-noise ratio to obtain good quanti-

tative results on NO 2.

To study the daytime diurnal variation of the total column

of NO 2, a total of 11 solar spectra have been utilized. Four of

the spectra are the low to moderate air mass spectra showing

the NO 2 v a band features; they are the same spectra that were

used in the analysis of NO. To obtain NO 2 total columns near

sunrise and sunset, we analyzed three spectra recorded in the

early morning and four recorded in the late afternoon of Feb-

ruary 6, 1987. They show weak features of the v 1 + va band of

NO 2 near 3.4 #m, which is about 20 times weaker than the

6.2-#m v 3 band. The vl + v 3 band occurs in a relatively clear

transmission region and has been utilized previously for

ground-based IR studies of atmospheric NOz [Camy-Peyret et

aL, 1983; Flaud et al., 1983, 1988; Murcray et al., 1987]. As in

these studies, we have derived total columns from the NO 2

feature at 2914.65 cm-_, a composite of several closely spaced

transitions. This feature is fairly well isolated, but is weak in
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Fig. 15. Portion of a solar spectrum in a region containing absorption features of the v3 band of NO r The data were
recorded on the morning of February 8, 1987, at an astronomical zenith angle of 69.52 °. The atmospheric and solar

features are identified.

the measured spectra, with maximum absorption depths rang-

ing from 0.5% (early morning spectra) to 1.5% (late afternoon

spectra). A fairly wide interval (2914.40-2914.70 cm -t) was

analyzed so as to include the strong CH, line at 2914.4986

cm = t. The CH4 total columns retrieved from this line agree to

5%, thus verifying that the measured NO2 diurnal changes are

not an artifact of our analysis method•

The NO2 vertical mixing ratio distribution adopted in the

analysis assumes low volume mixing ratios of NO2 in the

troposphere, consistent with the narrow line widths of the

NO2 features in the solar spectra and visible region sunrise

and sunset solar absorption measurements from Manna Loa,

which indicate a mean NO2 mixing ratio of 30 pptv at

3.0 + 0.5 km altitude [Noxon, 1981]. Our assumed vertical

distribution has been obtained' by smoothly joining the tropo-

spheric and lower stratospheric mixing ratios from profile

"3N" of Noxon [1981, Figure 3] with the stratospheric volume

mixing ratios of Camy-Peyret et al. [1983, Table 3] at 21 km

altitude. With this distribution, 38% of the total vertical

column is located below the tropopause. The mean altitude of

NO2 molecules in the assumed vertical distribution is 23 kin,

as compared to a mean altitude of ~ 30 km derived from

measurements at Mauna Loa in February 1978 [Noxon et al.,

1983].
Line positions and intensities for the v_ and the v2 + v3

-v 2 NO: bands in the 6.2-#m region, obtained from C.

Camy-Peyret and J.-M. Flaud (private communicatior_. 1984),

are from the calculation described by Camy-Peyret et al.

[1982]. Line positions and intensities for the v: + v_ and the

vt + v2 + v_ -v 2 NO2 bands in the 3.4-gin region were

taken from the 1986 HITRAN compilation [Rothman et al.,

1987]; the calculation of these parameters is described by

Perrin et al. [1982]. An air-broadened half width of 0.063

cm-_ atm-: at 296 K with a T -°'96s temperature dependence

[Malathy Devi et al., 1982a, b] was assumed for all NOz lines.

Absorption by other atmospheric gases in the selected regions

(see Table 2) was calculated with the parameters from the 1986
HITRAN compilation [Rothman et al., 1987] and the mixing

ratios retrieved from the other regions• Solar CO lines of the

fundamental vibration-rotation sequence of bands are observ-

able in the 6-#m Mauna Loa spectra (see Figure 15), but

simulations of this absorption generated using the procedure

described by Rinsland et al. [1982b] and studies of high Sun

spectra recorded during University of Denver balloon flights

[Goldman et al., 1987b, c] indicate negligible interference by

solar CO lines in the selected windows.

The retrieved NO: total columns are listed in Table 5. On

the basis of considerations similar to those described for the

NO analysis, the precisions of the NO: total columns are

estimated to be ~ 10% for values deduced from the 6.2-#m

features and ~ 10-20% for values deduced from the much

weaker 3.4-/_m feature. The line parameters are well deter-

mined in both regions, with uncertainties of only ~5%, so

that only a small error is believed to result by combining
retrievals from the two spectral regions. A previous study has

shown that the 3.4- and 6.2-#m NO2 bands yield consistent

quantitative results [Coffey et al., 1986]. The absolute accu-

racies are only slightly poorer than the estimated precisions:

~15% for the retrievals from the 6.2-/_m features and

~ 15-25% for the retrievals from the 3.4-/_m feature.

Since previous ground-based studies show no evidence for

differences in the NO: diurnal cycle over 3 days of observa-

tions [Flaud et al., 1988], all of the Mauna Loa data have
been combined to study the NO: diurnal cycle. Figure 16

presents a plot of the Mauna Loa measurements, along with
total columns retrieved from 0.01 crn-t resolution solar ab-

sorption spectra recorded from Kitt Peak at nearly the same
time of the year, February 23, 1981, [Camy-Peyret et al., 1983]

and March 1-2, 1986, [Flaud et al., 1988]. The latter measure-

ments were obtained as part of a study of the diurnal variation

of the NO: total column from daytime observations using the

Sun as the source and nighttime observations using the Moon

as the source. The same set of line parameters have been

assumed in the three studies. Within the estimated preeisioas,

all of the measurements overlap• All three data sets are consis-

tent with a continuous increase of the NO: total column with

time throughout the day, with a more rapid rise during the

morning than in the afternoon. Total columns deduced from

solar spectra recorded from Kitt Peak on September 20, 1982,

[Flaud et al., 1983] show a diurnal variation similar to the

results plotted in Figure 16; however, the absolute amounts in

September 1982 were nearly a factor of 2 smaller than on the

other dates.
Noxon et al. [1983] obtained an extensive set of daytime
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NO 2 measurements from the Mauna Loa NOAA GMCC sta-

tion. The data were acquired during most of 1978 by visible

spectral region spectrophotometers, which ran automatically

and recorded spectra of the zenith sky for subsequent analysis.

In February 1978, evening twilight NO 2 column abundances

averaged ~3.7 x I0 t5 molecules cm -z and morning twilight

abundances averaged ~2.3 x 10 t5 molecules cm -2, with

short-term fluctuations of ~0.5 x 10 _s molecules cm -z

[Noxon et al., 1983, Figure 1]. It is not possible to make an

exact comparison of these results with our measurements,

since the data of Noxon et al. [1983] refer to times much

closer to sunrise and sunset than our data. However, in both

the morning and evening, the total columns derived from our

highest air mass spectra are significantly lower than the corre-

sponding values of Noxon et al. [1983]. Also, our late after-

noon total columns are nearly a factor of 2 higher than those

near sunrise, whereas the corresponding ratio of the Noxon et

al. [1983] data is ~ 1.6. Since both the visible and the infrared

methods are frequently used for measuring atmospheric NO 2,

we believe it would be useful to obtain simultaneous measure-

ments with both techniques in the future to resolve such dis-

crepancies.

4. OTHER GASES

The two most abundant chlorofluorocarbons, CF2CI 2 and

CFCIj, show strong absorption features in the 8- to 12-#m

region of the Mauna Loa spectra. However, the lack of accu-

rate spectroscopic parameters precludes quantification of the

total columns at this time. Work is in progress on the calcula-

tion of parameters for the 923 cm- l CF2C12 Q branches (see

Deroche and Goldman [1987] and Rinsland et al. [1988b] for

discussions).

Very weak absorption is observable at the position of the

R19 line of the v s band of C2H 2 (acetylene) at 776.0818 cm-1

However. this absorption is too close to the noise level of the

present spectra to obtain a definitive identification of CzH 2.

An upper limit for the total vertical column of 1.5 x 10 ts

moiecules cm-2 has been estimated by scaling a C2H 2 vertical

distribution calculated for medium OH in the troposphere

[Goldman et al., 1981b, Figure 2] by a single multiplicative

factor, until an absorption feature 3 times the rms noise level

is predicted. This upper limit total column is slightly less than
total columns of 2.28 + 0.34 x 1015 molecules cm -2 on Feb-

ruary 23, 1981, and 2.00___ 0.30 x l0 ts molecules cm -2 on

October 1, 1982, derived from analysis of Fourier transform

infrared (FTIR) spectra recorded at the National Solar Obser-

vatory on Kitt Peak [Rinsland et al., 1985]. Observations at

higher air masses (the present spectra cover zenith angles of

84.31 ° or less) should permit the identification and quantita-

tive measurement ofC2H 2 from Mauna Loa.

A number of additional atmospheric gases have strong IR

absorption bands outside the regions covered by the Mauna
Loa observations. Of these, four have been detected using

similar IR instrumentation and could be readily monitored

from Mauna Loa. These gases and their most favorable IR

bands are OCS (v 3 band at 2062 cm- t), CO (1-0 band at 21t7

cm-t), HCN (v3 band at 3311 cm-t), and HF (I-0 band at

3961 cm- l).

5. SUMMARY AND CONCLUSIONS

The measurements and main conclusions of this study may

be summarized as follows:

1. A series of high and low air mass infrared solar spectra

were collected from Mauna Loa, Hawaii, on 4 days in Febru-

ary 1987. These spectra have been analyzed to deduce total

vertical column amounts of 13 atmospheric gases.

2. The mean D/H i'atio of the total watei" vapor column

was 0.44 + 0.06 times the reference value of 155.76 x 10 -6 for

SMOW, indicating a large depletion in the deuterium content

similar to previous measurements of the upper troposphere

and lower stratosphere.

3. Within the measurement uncertainties; there is agree-

ment between ozone total columns deduced from the infrared

spectra and correlative Umkehr observations.

4. Mean tropospheric volume mixing ratios of CO 2, CH,,,

and N:O deduced from our IR observations agree with cor-

relative NOAA GMCC measurements within the measure-

ment uncertainties. This implies that the NOAA GMCC sur-

face volume mixing ratios are good measures of the mean

volume mixing ratios of these gases in the troposphere.

5. The measured HNO 3 total column agrees within the

errors with published aircraft ahd satellite measurements of

the total stratospheric column. Published sampling measure-

ments from Mauna Loa show a" significant seasonal cycle in

the surface level concentrations of HNO 3, with minimum

values near the time of our IR measurements. On the basis of

these data, tropospheric HNO 3 is estimated to contribute only
a small amount to our measured total column. A significant

tropospheric contribution is predicted for late summer.

6. Although the measured HCI total Column is about a

factor of 2 higher than aircraft total column measurements

obtained near the same latitude 9 years earlier by Mankin and

Cofley [1983], discrepancies between these aircraft values and

the higher aircraft values reported by Girard et al. [1982,

1983] and the absence of measurements to assess the con-

centrations of HCI in the troposphere above Mauna Loa
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make it impossible at present to derive information about

long-term trends in the HCI total column from our data.

7. The mean tropospheric volume mixing ratio of CHC1F 2

deduced from the infrared spectra is about 30% lower than a

value obtained from an extrapolation of in situ surface data to

the date of our infrared observations.

8. Simultaneous measurements of the daytime diurnal

variations of the total columns of NO and NO z have been

obtained. To our knowledge, these are the first such observa-

tions that have been reported.

The column amounts reported here were obtained from

spectra recorded with a resolution of 0.02 cm -1. Absolute

accuracies of about 10% have been achieved. The good agree-

ment between the IR and the GMCC data is encouraging. It is

important to recall that several of the sources of error are

systematic (for example, the uncertainties in the assumed line

intensities) and that these effects are eliminated or reduced

significantly when results are normalized to study a time series

of measurements. Hence additional sets of IR measurements

obtained from Mauna Loa and analyzed in the same way

should yield precise information on seasonal and long-term

trends for a number of important atmospheric species.

Observations with a new interferometer operating at a reso-

lution of 0.002 cm-' are planned from Mauna Loa and

should yield improved results. The increased resolution should

permit details of the altitude distributions to be derived from

analysis of the observed pressure-broadening effects as a func-

tion of solar zenith angle. Such effects are apparent in HNO 3

features recorded in initial solar observations from the Univer-

sity of Denver. Improved information on the vertical profile is

necessary, for example, in interpreting secular trends in HCI,

since significant variability of the tropospheric profile may

mask increases observed in the stratospheric total column

[WMO, 1986].
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Infrared Measurements of Several Nitrogen Species Above the South Pole

in December 1980 and November-December 1986
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C. P. RINSLAND
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Ground-based high-resolution infrared solar absorption spectra recorded from the Amundsen-Scott

south pole station have been analyzed to determine total vertical column amounts of HNO3 in
December 1980 and November 1986, and NO, NO2, in November-December 1986.

INTRODUCTION

In December 1980 and November-December 1986, the

University of Denver atmospheric spectroscopy group re-

corded numerous high-resolution infrared solar absorption

spectra from the Amundsen-Scott south pole station. These

spectra were obtained by Frank J. Murcray and Frank H.

Murcray with a Michelson-type Fourier transform spectrom-

eter and show absorption features of a number of minor and

trace atmospheric gases with a minimum of atmospheric

water vapor absorption. Quantifications of the total column

amounts of 03, CH4, N_O, and H20 from the 1980 observa-

tions [Goldman et al., 1983] and HCI from the 1986 obser-

vations [Goldman et al., 1987] have been reported along with

an atlas of the 750-960 cm-I spectral region [Blatherwick et

al., 1982]. In the present study, we report measurements of

HNO3 total column amounts deduced from both data sets

and NO, and NO2 total column amounts from the 1986 data

set. Nitric acid may be important in the chemistry which

creates the spring Antarctic ozone minimum, since it may

condense in the cold winter polar stratosphere and become

the dominant component of polar stratospheric clouds [Toon

et al., 1986; Crutzen and Arnold, 1986]. The present mea-

surements were obtained shortly after the austral spring

ozone minimum and define for the first time the ambient

levels of these nitrogen species immediately following the

breakup of the polar vortex.

ANALYSIS OF HNO 3 OBSERVATIONS

Spectral intervals near 870 cm -_ for which the best

agreement is obtained between measured and calculated

HNO3 absorption features have been selected for quantita-

tive analysis from spectra obtained on December 5, 1980,

and November 26, 1986. The most prominent absorptions

contained in this region are the regularly spaced P-branch

manifolds of the HNO3 v5 band. The nearly constant solar

zenith angle of the south pole observations allowed the

coadding of several spectral scans on each day, yielding a

signal-to-rms-noise of about 300 near 870 cm -I. The resolu-

tion of the 1980 and 1986 spectra are 0.02 and 0.04 cm -t,

Copyright 1987 by the American Geophysical Union.
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respectively. A multiparameter nonlinear least squares spec-

tral fitting method, the same utilized to quantify gas amounts

in previous ground-based spectra analysis studies [Rinsland

et al., 1982; Goldman et al., 1983, 1986], has been employed

along with the line parameters of the 1986 HITRAN compi-

lation [Rothman et al., 1987]. The HNO3 parameters cover-

ing the 870 cm-t region in the HITRAN compilation were

generated at the University of Denver [Goldman and Gillis,

1984] and have been applied previously to the analysis of

stratospheric solar absorption spectra obtained during a

balloon flight [Goldman et al., 1984]. However, a constant

air-broadened half-width of 0.13 cm -I atm -t at 296 K is

assumed on the 1986 HITRAN compilation [Rothman et al.,

1987], whereas a constant air-broadened halfwidth of 0.10

cm -_ atm -_ at 296 K was assumed in two previous atmo-

spheric studies of HNO3 [Goldman et al., 1980, 1984]. This

difference changes the retrieved HNO3 total column

amounts by less than 5%. The major interference near the

spectral region used is due to water vapor. Under the
conditions that exist at the south pole, this interference is

minimal.

Figure i illustrates the agreement between measured and

best fit calculated spectra. All of the observed features in the

fitted region are attributable to HNO3 [Blatherwick et al.,

1982]. A total of six parameters have been adjusted simulta-

neously in this fitting, five of which are instrumental param-

eters to model the level and slope of the 100% transmission

curve, the shift in frequency (cm -t) between the measured

and computed spectrum, and the amplitude and phase of a

weak channel spectrum (period = 1.0 cm -1) observed in the

data. The remaining parameter is a muitiplicative scaling

factor that converts an assumed relative mixing ratio in each

layer to an absolute value. Notice that the calculated 100%
transmittance level (dashed curve in Figure i) is several

percent above the measured spectrum. This difference re-
sults from the many overlapping weak fundamental and hot

band lines of HNO3 in this region. The presence of an

unresolved HNO3 "continuum" in this region has also been

noted in laboratory studies [Brockman et al., 1978]. The

HNO3 reference mixing ratio profile of Smith [1982] has been

assumed in the analysis. The effective instrument line shape

function has been determined from fittings of 03 lines near

780 cm -1. These lines show an asymmetric shape in the data
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Fig. 1. (bottom) Comparison between a ground-based solar
absorption spectrum (solid line) recorded at the south pole on
December 5, 1980, at an astronomical zenith angle of 67.7 ° and a
least squares best fit to the data (crosses). The intensities of the
measured spectrum have been normalized to the highest intensity in
the fitted region. The dashed curve indicates the modeled 100%
transmittance level. (top) Residuals are measured minus calculated
values.

indicating residual instrumental distortions. Radiosonde

soundings from the south pole on the date of the measure-

ments have been used to define the atmospheric pressure-

temperature profiles.

Fittings to the 867.0 to 870.0 cm -1 and 871.75 to 874.50

cm -l regions were run and found to yield total column

amounts consistent to 10%. The average results and their

estimated total absolute uncertainties (i sigma) are 1.6 (0.3)

x 1016 molecules cm -2 for the December 1980 spectra and

!.4 (0.4) x 1016 molecules cm -2 for the November 1986 data.

The two measurements agree within the combined total

uncertainties. The sources of error and the estimated uncer-

tainty in the HNO3 total vertical column amount resulting

from each are (1) uncertainty due to instrument effects

(noise, channel spectra, line shape distortions, and zero level

shifts) (-*10% in the 1980 data and -*20% in the 1986 data),

(2) uncertainty in the assumed HNO3 relative mixing ratio

distribution (-*5%), (3) uncertainty in the assumed HNO3

line intensities (-*15%), (4) uncertainty in the assumed

HNO3 air-broadened half-widths and their temperature de-

pendences (-*5%), and (5) uncertainty in the assumed pres-

sure-temperature profile (-*5%).

As a check on the analysis method used in this study, a

solar spectrum recorded on July 10, 1976, at 0.06 cm -_

resolution from Mt. Evans near Denver, Colorado (elevation

4.3 km) by the University of Denver atmospheric sciences

group and a solar spectrum (G. M. Stokes, Battelle Obser-

vatory, private communication, 1984) recorded on October

6, 1982, at 0.005 cm -1 resolution with the McMath Fourier

transform spectrometer on Kitt Peak (31.9°N latitude,

111.6°W longitude, elevation 2095 m) were fitted in the 870

cm -I region to retrieve the HNO3 total vertical column

amounts. The derived values, 0.98 (0.20) x 1016 molecules

cm -2 from the Mt. Evans spectrum and 1.0 (0.2) x 1016

molecules cm -z from the Kitt Peak spectrum, are within the

range of previous measurements obtained near the same

latitudes (see below).

A number of surveys have measured the latitudinal vari-

ation of the total vertical column amount of HNO3, although

only a few of these studies include measurements in the

southern hemisphere. Figure 2 shows the northern and

southern hemisphere survey results included in a recent

assessment document [WMO, 1986] along with the present

measurements at 90°S. Also included are total column

amounts [Gille et al., 1984] inferred from profiles obtained

by the limb infrared monitor of the stratosphere (LIMS)

experiment aboard the Nimbus 7 satellite and the measure-

ments of Williams et al. [1982], the only total column

amounts obtained south of 64°S latitude. The latter results,

which agree very well with the LIMS total columns in the

range of overlapping measurements (48°S to 64°), were

derived from analysis of aircraft emission spectra with a

band model and indicate a rapid latitudinal increase from 1.2

(0.2) x 1016 molecules cm -2 at 53°S to 3.4 (0.7) x 1016

molecules cm -2 at 89°S during the second half of November

in 1978. The south pole spectra were recorded at nearly the

same time of year in 1980 and 1986 but yield total vertical

column amounts nearly a factor of 2 lower than the corre-

sponding value from the Williams et al. [1982] study. Be-

cause of the difference in the measurement techniques

(emission versus absorption), methods of analysis (band

model versus line-by-line and spectral least squares), it is

likely that systematic sources of error may contribute to this

difference.

ANALYSIS OF NO OBSERVATIONS

The well-isolated nitric oxide lines at 1857.275 cm -I and

1914.990 cm -1 were utilized in fittings of a spectrum re-

corded on November 28, 1986. These lines, which have been

used in previous studies of spectra recorded with balloon-
borne and aircraft-borne intefferometers [Murcray et al.,

1980; Blatherwick et al., 1980; Coffey et al., 1981], are

relatively weak in the present data set with maximum

absorptions of less than 10%.
Assuming the line parameters of the 1986 HITRAN com-

pilation [Rothman et al., 1987] and the reference vertical

distribution of Smith [1982], total vertical column amounts of

5.42 × 1015 and 5.27 × 1015 molecules cm -2 are derived from

the 1857.275 and 1914.990 cm -I lines, respectively. The

mean value, 5.34 × 1015 molecules cm -2, is estimated to be

accurate to about 12%. The NO line widths are narrower

than those of nearby CO2 and H20 lines; tests assuming

different NO vertical distributions indicate that most of the

NO column resides about the tropopause.

Latitude surveys of NO total column amounts are sum-

marized in Figure 10-21 of WMO Report 16 [WMO, 1986].
These show a small amount of data in the southern hemi-

sphere and none at high southern latitudes. The northern

hemisphere data shows no indication of a latitudinal gradi-

ent, however the small number of observations coupled with

the scatter in the values make it difficult to draw any definite

conclusions. The values reported by Girard et al. [1979] of 6

× 10 _5 molecules cm -2 at the equator and 4 x 1015 molecules

cm -2 at 50°S were derived for the total column above 11 km
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Fig. 2. Latitudinal variation of the total vertical column amount of HNO3. The LIMS measurements are from
Figure 13 of Gille et al. [1984]. The November 1976 latitude survey mission results were reported by Girard [1979].
STRATOZ 1 and STRATOZ I1 results were reported by Girard et al. [1980] and Girard et al. [1983], respectively.

with no measurable difference at sunrise and sunset. Our

south pole column is slightly higher than the 60°S value of

Girard et al. [1983], but additional measurements are needed

before a reliable latitude trend can be established for NO in

the southern hemisphere.

ANALYSIS OF NO2 OBSERVATIONS

The NO2 feature at 2914.65 cm -t, a composite of several

closely spaced transitions of the vt + v3 band, was selected

for the quantitative analysis assuming the 1986 HITRAN line

parameters [Rothman et al., 1987]. This feature is weak (less

than 5% absorption) but well isolated in the present spectra.

It has been used in previous ground-based studies of atmo-

spheric NO2 [Camy-Peyret et al., 1983; Flaud et al., 1983].

Assuming the reference vertical distribution of Smith [1982],

a value of 8.03 (0.96) x 1015 molecules cm -2 is estimated for

the total vertical column amount on December 3, 1986.

In all previous ground-based spectra, the intense v3 band

of NO2 near 6 _.m is unobservable because of overlapping

strong absorption by H20. In the south pole data the reduced

H20 amounts allow the identification of several isolated v3

band NO2 features. However, because these lines occur in

the wings of strong H20 lines, they are less favorable for

quantitative analysis than the 3 _m features. Recently, it has

been shown that both the 3 t_m and 6 txm NO2 bands yield

consistent quantitative results [Coffey et al., 1986].
Measurements of the vertical column of daytime NO2

versus latitude are summarized in Figures 10-22 of WMO

Report 16 [WMO, 1986]. This assessment incudes three sets

of southern hemisphere spring measurements, but all were
obtained north of 50°S. A more valid comparison is possible

with the visible absorption total columns measured at Syowa

Station (69.0°S, 39.6°E) in Antarctica [Shibasaki et al.,

1986]. The results of Shibasaki et al. show seasonal variation

with a winter minimum of 1 x l0 ts molecules cm -2, and a

summer maximum of 7 × 1015 molecules cm -2. Keys and

Johnston [1986] find a similar seasonal variation of total

column NO2 at Arrival Heights, Antarctica. Measurements

in early December 1984 [Shibasaki et al., 1986] indicate a

total column of about 6.8 x 10 t5 molecules cm -2, slightly

lower than our south pole results.

DISCUSSION

The column amounts reported here were obtained after

the ozone "hole" had disappeared over the south pole. Low

readings of the total ozone were observed with the south

pole Dobson instrument until November 15, 1986. While the
data were obtained after the hole disappeared they are close

enough in time that some residual effects may be present in

the data. The data when compared with other data sets

obtained earlier at the south pole or at other sites at lower

latitudes show a number of interesting features. The first is

the change in HNO3 column amount between 1978 and 1980.

As noted in the discussion, the measurements were made

using different techniques which may result in some system-

atic errors; however, other tests indicate that these, if

present, are small.
The column amounts for both NO and NO2 are higher than

observed at low latitudes. This is not unexpected, since, as

was emphasized by Farman et al. [1985] during the Antarctic

summer (particularly the south pole), there is no diurnal

change and compounds such as N205 which are formed at

night will not be present at concentrations present at lower

latitudes. Thus the NO and NO2 will be present at higher

levels. The NO2 observations at other Antarctic sites [Keys

and Johnston, 1986; Shibasaki et al., 1986] show the buildup
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in NO2 column as the hours of daylight increases. As noted

in the discussion, the NOz results agree with other observa-

tions; however, the NO results do not agree with the con-

clusion reached by WMO [1986] that the NO column is con-

stant with latitude at a value near 3 × 10 _5 molecules cm 2.
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QUANTIFICATION OF HCI FROM HIGH RESOLUTION INFRARED SOLAR SPECTRA OBTAINED

AT THE SOUTH POLE IN DECEMBER 1986

A. Goldman, F.J. Murcray, F.H. Murcray, and D.G. Murcray

Department of Physics, University of Denver

Abstract - Ground-based infrared solar spectra

at 0.02 cm -I resolution obtained at the Amundsen-

Scott South Pole station in December 1986 have

been analysed for the atmospheric content of HCf.

Nonlinear least-squares spectral fitting applied

to the spectra y._elds a tot_l HCf column amount

of (6.4 ± 0.8)x10"_ molec/cmZ, most being strato-

spheric. This amount is larger than that extrap-

olated from earlier results on the latitudinal

distribution of atmospheric HCI.

This Letter reports the determination of HCI

total column amount above the South Pole, from

ground based solar spectra observations made at

the Amundsen-Scott station (altitude 2.85km) in

December 1986, by F.J.M. and F.H.M. The spectra

were recorded with a 0.02 cm -I resolution Michel-

son type interferometer, the same system used to

record many balloon-borne, ground based and lab-

oratory spectra by the University of Denver atmo-

spheric spectroscopy group. The South Pole solar

spectra were obtained during November 26 - Decem-

ber 3, 1986 and covered large portions of the 3-

15 _m region. The nearly constant solar zenith

angle allowed the co-adding of several spectral

scans from a single day for improved signal to

noise ratio. The data analysis methods and spec-

troscopic data base used are similar to those

used previously [Goldman et al., 1983, Goldman et

al., 1986], applying nonlinear least-squares

spectral fitting for the quantification of HCI.

Radiosonde ascents from the South Pole (kindly

provided by NOAA, Boulder, Colorado) were used to

<_' establish the atmospheric temperature-pressure

profiles.

Figure II shows a typical analysis of the 2923-
2929 cm region, which is dominated by strong

CH 4 lines with some _ak H20 lines, surrounding
the quite isolated H_JCI R1 line at 2925.9 cm -_.

For the present analysis, the CH 4 line parameters

were updated [Rothman et. al., 1987], but for

consistency of comparisons with other recent

studies, the previous HCI line parameters were

retained (however, the updated HCf parameters

lead to only i% decrease in the column amount).

The residual phase distortions, not fully

accounted for by the fitted synthetic spectrum,
35 lrequired a more specific fitting for the H C1 R

line over a narrower interval. This is present-

ed in Figure 2, which also shows a small asymmet-

ry in the spectral profile (probably due to

incomplete adjustment of the instrument). The

narrow interval analysis (with larger weight

assigned to the high wavepumber half of the line)

Copyright 1987 by the American Geophysical Union.
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yields _ total HCf c_lumn amount of (6.4
0.8)x10 5 molec/cm , most of which is

stratospheric, as concluded from spectral fit-

tings with various HCI and temperature-pressure

profiles [Goldman et. al., 1986]. The HCI in

these spectra being mostly stratospheric could

have been expected for a high observation point

in a low tropopause region such as the south

pole. However, the s_nsitivity of the current
spectra (at 0.02 cm- resolution and a single

solar zenith angle) to the altitude distribution

of HCI is limited [Goldman et. al., 1983].

Several other HCf lines are quite isolated one,he

South Pole spectra, such as the R1 and P2 H_CI

lines, and these lead to practically the same HCI

column amounts. The complete set of the South

Pole solar spectra in the 3_m region, collected

during the week of the measurements,shows no

significant change in the HCf amounts.

This is the first HCI measurement reported

from the South Pole and is of particular interest

to current studies of the chemistry and dynamics

of the Antarctic atmosphere. Previous measure-
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Fig. I. Solar spectrum (dotted llne) obtained

from the South Pole on December 3, 1986 and

nonlinear least-squares fit (solid llne) In the

2923-2929 cm -l region. The amplitude is the

measured signal, normalized to the maximum

envelope value over t_e interval. The marked
feature at 2925.9 cm-" is the (0-I) H35CI R1

llne. The solar zenith angle was fixed st

67.87 ° .
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Fig. 2. Nonlinear least-squares fit of the
H35C1 R1 absorption line at 2925.9cm -1 in the

solar spectrum of Fig. 1. The amplitude is plot-
ted on a transmittance scale. The total HC1

column amount of tge fitted profile is
(6.4+0.8)x10 _ molec/cm .

ments and assessments [Mankln et. al., 1983,

Mollna et. al., 1985] of the latltudlnal depend-

ence of stratospheric HCf show total colu_

values above 12km increasing from 0.7xlO "J
2 15 2

molec/cm near the equator, to 2.7xi0 molec/cT.O D
at 70 N, with an extrapolated value of 3.4xi0

2 o
molec/cm at 90 N. South latitude measurements

[Girard et. al., 1983] of HCf colu_ above ll_Skm
show values ir_c;easlng fro W 0.8xlO *_ molec/cm at
O ._9 Z O

1 S to 2.7XI0 molec/cm at 60 S, implylng a

symmetrical North-South distribution for these

latitudes. While there are unresolved difficult-

ies in assessing the tropospheric HCf content and

variability, it has been established that most of

the HCf total column is stratospheric, and that

it has been increasing with time, at an annual

rate of 5Z per year.

The present result for the column amount of

HCf above the South Pole is larger than the

extrapolated values from the northern or southern

latitude's results, even if we assume a temporal

increase of 5Z per year as has been reported by

Mankin et al [1983]. It is probably characteris-

tic of the Antarctic atmosphere at the end of the

period of the spring ozone depletion.

Work is in progress on the quantification of

several other atmospheric trace constituents

observable In the 1986 South Pole Solar spectra

reported here. Further measurements need to be

made for monitoring HCI and other species during

the ozone depletion periods.
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Abstract. Solar absorption spectra from two

stratospheric balloon flights have been analyzed

for the presence of H202 and HOC£ absorption in

the 1230.0 to 1255.01c 9 _ region. The data were
recorded at 0.02 cm- resolution during sunset

with the University of Denver interferometer

system on October 27, 1978 and March 23, 1981.

Selected spectral regions were analyzed with the

technique of nonlinear least squares spectral

curve fitting. Upper limits of 0.33 ppbv for H202

and 0.36 ppbv for HOCZ near 28 km are derived from

the 1978 flight data while upper limits of 0.44

ppbv for H202 and 0.43 ppbv for HOC£ at 29.5 km

are obtained from the 1981 flight data.

Introduction

Hydrogen peroxide (H202) is thought to play a

significant role in the HO x chemical family where

it acts as a reservoir and sink gas. The impor-

tance of HOC£ with respect to the diurnal varia-

tion of C£0 in the upper stratosphere has recently

been discussed by Ko and Sze [1984]. Several at-

tempts have been made to detect H202. The most

recent is an upper limit of 0.05 ppbv at 26.5 km

from spectra obtained with a Fourier transform

spectrometer operating in the far-infrared [Chance

and Traub, 1984]. A tentative measurement of 1.1

ppbv from 27 to 35 km has been reported by Waters

et al. [1981] from the emission of H202 at 204.574

GHZ. Analysis of infrared solar absorption

spectra obtained with a grating spectrometer

yielded an upper limit of 1.0 ppbv at 20 km for

H202 [Murcray et al., 1978]. No measurements or

attempted measurements of HOCZ have been reported

to our knowledge. Clearly, additional

observations are needed to expand the measurement

data sets of these two species. This paper

describes the analysis carried out to derive upper

limit profiles for H202 and HOC£ from infrared

solar spectra obtained during two stratospheric

balloon flights.

Observations and Spectral Analysis

Spectra were recorded at 0.02 cm -I resolution

with a Michelson interferometer during two balloon

flights from Alamogordo, NM (32.8°N, I06.0°W) on

October 27, 1978 and March 23, 1981 from float

altitudes of 39.1 km and 33-5 km, respectively.

Selected flight spectra have been published in an

atlas along with the positions and identifications

of the atmospheric and solar features [Goldman et

Copyright 1985 by the American Geophysical Union.
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el., 1985]. For each flight, a sequence of scans

obtained during sunset was selected for analysis

to provide altitude coverage from the balloon

float altitude down to approximately 25 km.

The spectral data were analyzed with the

technique of nonlinear least squares curve fitting

[cf., Goldman et el., 1980]. There are several

advantages in using this technique in an upper

limit study. Since the profiles of the major

absorbers can be obtained from the fitting

process, the contribution of the weak interfering

lines of these gases can be properly included in

the analysis. The analysis also defines the

background level, the noise level of the spectrum,

and the effective instrument line shape.

National Meteorological Center pressure-

temperature profiles were assumed in the ray-

tracing calculations. Mixing ratios of CH_, N20

and CO 2 were included as unknowns in the fitting

procedure. To simulate the absorption of H202 the

30°S profile for April (esuivalent to September,

30°N) from Miller et el. [1981J was multiplied by

a factor of 3.1 to yield a peak mixing ratio of

0.64 ppbv near 33 km.

Except as noted below, the line parameters were

taken from the 1982 AFGL compilations [Rothman et

el., 1983a,'b]. Recent laboratory measurements of

air-broadened CH 4 half-widths [C. Rinsland,

unpublished data, 1984] and the p?_itions and

intensities of weak hot band and "kCH_D lines [L.

Brown, private communication, 1984] hive been

added to the set of line parameters. The H202

llne intensities in the AFGL compilation were

multiplied by 0.78 to account for hot bands which

were present in the room temperature integrated

intensity measurements of Valero et al. [1981] but

not included in the normalization of the relative

intensities [J. Hillman, private communication,

1985]. Estimates of the line parameter uncertain-

ties are developed in a following section.

The selection of the 1250.O to 1255.O cm -I

region for analysis was based on a tradeoff

between maximizing the expected absorption of H202

and HOC£ and minimizing the interference from CH 4,

N20 and CO 2. Narrow window regions covering the

stronger features of both gases were identified

and are listed in Table I. These regions were

first surveyed for the presence of M202 or HOC£ by

comparing the fits obtained with and without

simulated absorption of these gases. From these

results, a single region for each gas was selected

for detailed study from which the altitude

dependent upper limit was derived. The line

parameters for the spectral features used in each

region are listed in Table 2.

Figure I shows the fitting results for the

93.6 ° scan (1978 flight) with the mixing ratio of

H202 set to zero in all layers. The observed

spectrum has bees normalized to the highest

i

i ? i;
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TABLE I. Spectral Regions (cm -I)

Considered in this Study

_202 HOC£

1241.2-1242.5

1242.9-1244.O

1246.6-1247.4"

1248.2-1249.4

1250.0-1255.O

1231.O-1232-O

1233.O-1234.9"

1250.O-1251.O

1254.O-1254-8

*Selected for Detailed Study

intensity in the region. The line identifications

[Goldman et al., 1985] are indicated. The two

weak features indicated with question marks per-

sist over several scans and are also present in

the 1981 flight spectra. They appear to be real

and not noise but identification of these features

has not yet been possible. The standard deviation

of the fit is 0.44%. The larger amplitude

residuals are due to minor inadequacies in the

modeling of the instrument line shape and the

complex channel spectra present in the data.

Figure 2 shows a fit in the same region except

that H202 absorption has been simulated using the

scaled H202 mixing ratio profile. The background

level and slope and the amplitude, period and

phase of the channel spectra were constrained to

the values obtained from the fit without H202

absorption. The simulated H202 absorption

features (arrows) are clearly above the noise

level. Analysis of the other window regions for

the 1978 flight yielded similar results. Co-

incidences between very weak spectral features and

the simulated H202 absorption occurred occasional-

ly in both data sets but identification of a con-

sistent series of H202 lines was not possible.

The altitude dependent mixing ratio upper limit

is derived as follows. For each scan a known

column amount of H202 is placed in the tangent

layer and the fit repeated. The H202 column

amount is then adjusted to reduce the depth of the

simulated H202 absorption to the local peak-to-

peak noise level. To illustrate this procedure

horizontal dashed lines are drawn on the residual

plot of Figure I near the strongest H202 feature

to define the peak-to-peak noise level Q~0.8%).

The H202 residual in Figure 2 is almost 2.0% so

the H202 column amount would have to be decreased

by a factor of 2.5 in this example to reduce the

depth of the H202 absorption to the peak-to-peak

noise level. Note that this procedure is equiva-

lent to requiring the H202 feature to have a depth

of 4 times the standard deviation (G) of the local

noise. We feel that this procedure produces a

TABLE 2. Spectral Line Parameters

Adopted in This Study

Wavenumber Intensity(296 °) J'K'K' J'K"K"

cm I cm/molec A C A C

H202

HOC£

1247.1660 O.788E-20 9 I 9 10 I 10

1247.1810 O.235E-19 9 I 8 10 I 9

1234.6251 O.146E-19 3 O 3 4 O 4

1234.63_3 O.146E-19 6 2 4 7 2 5

1234.6316 O.146E-19 6 2 5 7 2 6

conservative upper limit since an absorption

feature greater than 4G could be positively

detected in most cases. An upper limit average

mixing ratio for each scan is calculated by

assuming the entire H202 absorber amount is

contained in a 5-km thick tangent layer. To

account for experimental uncertainties, the

estimated error shown in Table 3 has been added

to the average mixing ratio value to obtain the

final upper limit estimate. The resulting upper

limit profile for the 1978 flight is plotted in

Figure 3 at the airmass-weighted effective

altitudes for _he 5-km thick layers. Figure 3

also contains the upper limit profile derived from

the 1981 flight data. Although the noise level in

these spectra is slightly lower than that in the

1978 flight data, this improvement is offset by a

slightly degraded instrument resolution.

The same analysis procedure was carried out for

HOCZ using the spectral regions listed in Table

I. As with H202, the simulated HOC£ absorption
lines occasionally coincided with weak spectral

features, but we were unable to positively detect

HOC£. The inferred upper limit profiles are shown

in Figure 4. The noise levels in all scans but

one are similar to those found in the noisiest

scan in the H202 region. This decreased

sensitivity tends to cancel the improvement

expected from the greater HOCZ intensities. The

overall effect results in HOCZ upper limit

profiles similar to those for H202.

Error Analysis

The primary sources of error are the viewing

geometry and the spectral line parameters used in

i°
tu
n_

-2

1.0

.9 -

_.1 .8-

Z "
.7

.6

.5
1246.5

' iN/) ' ' , ,

CO,

93.6"

, IC_ , I , I , I
1246.7 1246.9 1247.1 1247.3 1247.5

WAVENUMBER (cm-')

Fig. I. Comparison between a solar absorption

spectrum (solid line) obtained at an astronomical

zenith angle of 93.6 ° (27.1 km tangent altitude,

1978 flight) and a least-squares best fit to the

data (crosses). Residuals are shown in the upper

portion of the figure (observed-calculated).

Horizontal dashed lines indicate the peak-to-peak

noise level near the strongest H202 feature.

Spectral identifications are given below the

corresponding features.



Larsenet al.: Upper Limits for Stratospheric H202 and HOC£

° L
Cc |_

-2 ; 1 , I , 1 ,
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_a .8
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Z
0 .7

.6

.s[
1246.5

93.6"

1246.7 1246.9 1247.1 1247.3 12 17.5

WAVENUMBER (crn-')

Fig. 2. Similar to Figure I except that simulated

H20p absorption using a scaled photochemical model

profile (see text) is included in the calcula-

tions. Arrows indicate simulated H202 absorption

features.

the simulations- We will assume that the errors

are independent of one another with normal

distributions so that the total error due to a

combination of errors may be obtained from the

square root of the sum of the squares (RSS) of the

individual values- Estimates of the measurement

uncertainties due to the viewing geometry are

shown in Table 3. Line intensities for both

species on the 1982 AFGL compilation were
calculated by normalizin_ theoretically calculated

relative intensities with laboratorY measurements

of the total band intensity. The total band

intensity of H202 [Valero et al., 1981] was

measured with an accuracy of 5%. We will assume

an additional uncertainty of _% in the total band

intensity due to the hot band correction and

another 15% uncertainty in the theoretically

calculated relative llne intensities. For HOC£

the total band intensity uncertainty is estimated

to be approximately 25% [Suet. al, 1979] and a

TABLE 3- Error Estimates

Geometry Uncertainties
Resulting Error

in Mixing Ratio

Balloon Float Alti_u del ± O.Skm 10.O%

Solar Zenith Anni e. _ 0.050 I0.0_
RSS Error 14.1%

Line Intensity RSS Total

Uncertainties Error

H 0 16.6% 21.8%

H_c_ 292% 32.4%

_Maximum Error in Tangent Layer Air

Mass for all Scans in Both Flights
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Fig. 3- Mixing ratio profiles from photochemical

model calculations and measurements. The circles

(1978 flight) and the circles with bare (1981

flight) indicate the H202 upper limit profiles

obtained in this work.

relative line intensity uncertainty of 15% is

assumed. Estimates of the total experimental

error are then calculated by combining the line

intensity uncertainties and geometry errors as

shown in Table 3.

Discussion and Conclusions

The H202 and HOC£ upper limit profiles derived

from the two balloon flights are compared to other

available measurements and photochemical calcula-

tions in Figures 3 and 4. The R202 upper limits

this work are consistent with those

obtained in Chance and Traub [1984] from their
obtained by

January 1983 far-infrared balloon flight measure-

ments at 32°N • The considerably lower far-

infrared upper limit can be attributed to two

.,-O 10127178

5/2318t

4ot- ... - --o
F-- - .oc.t .,_,.oE '-

E ! -o
sBs_ .: _o -s

C- _ .."" "_

°

2°F
, , ,l,,,,l I t i ,,,,,I i ,,'"_d1611 I0 eid,o _69

HOCJ, Vine

Fig. 4. Mixing ratio profiles from photochemical

model calculations and measurements. The squares

(1978 flight) and the squares with bars (1981

flight) indicate the HOC£ upper limit profiles

obtained in this work.

i'



Larsen et al.: Upper Limits for Stratospheric H202 and HOC£

666

factors: larger line intensities in the far-

infrared and the definition of the detection

limits- We have used a more conservative 4c

detection limit while Traub and Chance used a 2o

limit. Both the near-infrared and far-infrared

upper limits are below the mean mixing ratio

obtained by Waters et al. [1981] for February 1981

at 32°N and, hence, it seems unlikely this

tentative identification is correct. The dotted

• es in Figure 3 from Connell and Wuebbles
prof£_ .... _e ,ossible range in calculated

_1984] inalca_u _'

H202 profiles taking into consideration
uncertainties in the reaction rates controlling

H,02 and the variability of other species involved
i_ the chemical scheme. The upper limits derived'

from both flights are consistent with this range

from 28 to 35 km-
The upper limits are dependent on the

assumptions adopted for the vertical mixing ratio

distribution in the upper limit calculation- For

example, if we assume the vertical variation of

the 30°s Miller et al. mixing ratio profile for
ze scan 4 of the %978 flight

H20 2 and analy _ an I wm_ with the 40 detection

(tangent altitude " _" .....
criterion, the resulting upper limit profile has a

peak mixing ratio of 0.31 ppbv at 33 km (including

total estimated errors).

For HOC£ only model calculations are available

for comparison- Sunset concentrations

corresponding to March 30°N conditions [M.

Natarajan, private communication, 1985] obtained

from diurnal photochemical model calculations

using the recommended reaction rates in JPL

Publication 83-62 were scaled by a model uncer-
• at all altitudes [Callis,

talnty factor ! f 4_ laR%] to produce a minimum

private commun_ca_lu-, "_'J
and maximum range of calculated HOC£ mixing ratios

(dotted profiles in Figure 4). The model

uncertainty factor of 4 results from uncertainties

in reaction rateS, photolysis cross sections and

. measurement unQertainties of other species needed

to infer HOC£- This range would be shifted to

slightly lower mixing ratios for October

conditions. The measured upper limits from both

flights are considerably larger than the maximum

expected range except for the October 1978 flight

upper limit at 33 ;6 km which approaches the

maximum predicted mixing ratio.

The first balloon flight with the. new

University of Denver 0.004 cm -I resolution

interferometer is planned for the near future.

Spectra obtained with this instrument should

improve the detection sensitivity by a factor of 2

to 2.5 for both H202 and HOC£. At this level,

infrared measurements should provide better

constraints on photochemical model predictions of

both stratospheric mixing ratio profiles,

particularly H 02. Our error analysis indicates

that additiona_ measurements of the infrared

intensities of both species will be needed for

accurate quantitative analysis of these spectra.

Values for the H20 2 and HOC£ lines in the window

regions listed in Table % would be most helpful.
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Tentative Identification of the 780-cm -1 u4 Band Q Branch of Chlorine

Nitrate in High-Resolution Solar Absorption Spectra of the Stratosphere

C. P. RINSLAND, I A. GOLDMAN, 2 D. G. MURCRAY, 2 F. J. MURCRAY, 2 F. S. BONOMO, 2 R. D.

BLATHERWICK, 2 V. MALATHY DEVI, 3 M. A. H. SMITH, I and P. L. RINSLAND 4

Absorption by the Q branch of the v4 band of CIONO,. at 780.2 cm-) has been tentatively identified
in a series of 0.02-era-t-resolution balloon-borne solar absorption spectra of the stratosphere. The
spectral data were recorded at sunset from a float altitude of 33.5 km during a balloon flight from
Holloman Air Force Base (32.8°N, 106.0°W) near Alamogordo, New Mexico. on March 23. 1981. A
preliminary CIONO: vertical profile has been determined from the stratospheric spectra by using the
technique of nonlinear least squares spectral curve fitting and new spectroscopic parameters deduced
from high-resolution laboratory spectra of C[ONO,. and O_.

INTRODUCTION

Models of the photochemistry of the stratosphere predict
that chlorine nitrate (CIONO,.) is an important temporary
reservoir of stratospheric chlorine. At night, C[O is believed
to combine in a three-body reaction with NO2 to form
chlorine nitrate• During daylight, chlorine nitrate is de-
stroyed by photolysis to form free chlorine and NO3.

As a technique, infrared spectroscopy has the potential to
provide important quantitative measurements of strato-
spheric chlorine nitrate• Laboratory measurements have
shown that relatively strong Q branches of CIONO2 occur at
780, 809, 1292, and 1738 cm -l [Milleretal., 1967; Graham et

al., 1977; Murcray and Goldman, 1981; Murcray et al.,
1984]. Evidence for absorption by the 1292-cm -I Q branch
has been reported on the basis of analysis of a series of 0.02-
era-l-resolution ballo0n-borne stratospheric solar absorp-
tion spectra recorded during sunset from a float altitude of

39.1 km [Murcray et al., 1979]. The 780-cm -I spectral region
was covered at a resolution of 0.2 cm -j during an earlier
balloon flight [Williams et al., 1976].' Ozone and carbon

dioxide have many absorption lines in this spectral region,
and under the spectral resolution achieved on that flight, it
was not possible to separate absorption that might be due to
C1ONO2 from absorption by interfering lines [Murcray et al.,
1977]. Since that time, additional laboratory spectra of

CIONO2 and 03 and new stratospheric solar absorption spec-
tra have been recorded that cover the 780-cm -t region at
higher resolution• In the present paper we report a detailed
study of these spectra that has lead to the tentative identifi-

cation of the v4 band Q branch of CIONO2 as a significant
contributor to the observed stratospheric absorption near
780.21 cm -i.
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LABORATORY SPECTRA

Several samples of chlorine nitrate were given to the
University of Denver in 1976 by L. C. Glasgow of E. I.

DuPont de Nemours and Co. These samples were prepared
by reaction of CIzO with NzO5 at low temperature (typically
starting at -78°C and slowly heating to 0°C in 15 hours)
[Schmeisser, 1967] and were purified by trap-to-trap distilla-
tions. A cold trap at -78°C eliminated HNO3, NO2, and
NzOs, and a cold trap at -118°C eliminated C12 (L. C.
Glasgow, private communication, 1976) [Zahniser et al.,
1977; Kurylo, 1977]. Analysis of the samples by IR, UV, and
mass spectroscopy showed the purity to be greater than
99%, with the principal contaminant being NO,, [BVks et ai.,
1977].

Upon receipt of the CIONOz (in a stainless steel cylinder),
it was kept at - 196"C with liquid nitrogen until ready for use.

The entire sample was transferred by warming the cylinder
to -84_C (ethyl acetate slush bath), passing the CIONO2
vapor through a -I18"C trap (ethyl bromide slush), and
freezing in a glass trap at -196"C under high vacuum. All of
the glass was flamed out whenever CIONOz was to be
handled in the vacuum system. Cells and the glass vacuum"
system were conditioned with CIONO2 at several torrs

• pressure for 10-15 min, followed by pumping to high vacu-
um, and repeating this procedure if it was felt to be neces-
sary.

If the sample was stored for prolonged periods (1 year or
more) or had been thawed and refrozen many times, it was
checked by distilling at -84°C, discarding the first and last
cuts, and keeping.about 90% of.the sample .as a heart-cut.
This cut ,was._evaluated _by.-making.an.Jnfrared .spectrum :to
observe impuritybands and by measuring the vapor pressure
at .one or.more _temperatures. The vapor pressure was
measured either with a slush of cyclopentanone at -51.3°C,
where CIONO2 has a vapor pressure of 13 tort, or with ethyl
acetate at -84°C, where CIONO_ has a vapor pressure of 1.5
tort. The chlorine nitrate was so stable in storage and
handling that this occasional distillation was adequate to
keep the sample pure.

Infrared cell windows for CIONO: were AgCI, NaCI, or
CaF2, of which the latter two were least affected by the
sample. So long as the cell and vacuum system were kept
absolutely dry by pumping and flame desiccation, CIONO2
could be kept in the cell for many hours with little deteriora-

tion. This stability of anhydrous CIONO2 has been noted by
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Fig. I. Room-temperature laboratory spectra of CION02 in the
region of the v_ band Q branch. All three scans were obtained at
_0.02-cm -) resolution and with a 3-cm absorption path.

been modeled as a channel spectrum with the expressions

derived by Niple et at. [1980]. However, since the amplitude

of the modulation increases with C[ONO: pressure, it may

be due at least in part to unresolved weaker CIONO2

absorption• No modulation was detected in the background

of the 0.5-torr scan. Plots of the 750-840 cm -t and 1250-

1330 cm -t intervals of the 1.5-torr and 3.l-tort scans are

contained in a compilation of high-resolution infrared spec-

tra of atmospheric interest [Murcray et al., 1984].

Unfortunately, line positions and asstgnments have not

been reported for the v_ band of CIONO.,. For this reason we

were forced to adopt an empirical model to analyze the

laboratory measurements. The unresolved shape in the Q

branch region is simple, and after trying a number of

empirical forms, a good fit to the data was obtained by using

a model with only four adjustable parameters. The values of

these parameters have been determined from the analysis of

the data with the technique of nonlinear least squares

spectral curve fitting. From these results a listing of parame-

ters for "artificial" CIONOz lines has been generated for use

in the analysis of the stratospheric spectra.

We have assumed that the absorption by the v4 band Q

branch can be represented by a series of evenly spaced Voigt

lines with an exponential distribution of intensities. The

position v (cm -l) of line n has been calculated from

v = v0 + (_n (1)

where

n = 0, ---1, ---2, ---3, --4, • • • (2)

A value of 0.002 cm-t has been assumed for the !ine spacing

2[ ' I

' ! _ _ _t , _ ,t_,4 _/),_,,;'_ ; I

c..:,_ ,, _....... .,,., . . ,a_._, _tt, 11 t! 1 _ _\r _t4,

_, 'l u

i

£

others [Kurylo, 1977; Molina et al., 1977; Kuryto and

Manning, 1977].

Figure I shows the 779.0--781.0 cm -1 region of laboratory

spectra obtained with CIONOx pressures of 0.5, 1.5, and 3.1
tort in a 5-cm cell, The spe&ral data were recorded at room

temperature and at 0.02-cm -t resolution with the same

Fourier transform interferometer used to obtain the strato-

spheric spectra. Even at the high resolution and low pres-

sures of these measurements, the Q branch is unresolved but

considerably broader than the width of the instrumental line

shape function. The Q branch feature is clearly asymmetric:

the absorption decreases more rapidly on the high wave

number side of the peak than on the low wave number side.

Additional spectra obtained with a new intefferometer at

0.004-cm -_ resolution also do not show any fine structure

,,_ithin the Q branch. The background in the 1.5-torr and 3.1-

tort scans shov, a sinusoidal modulation in this interval with

a period of ---1.3 cm -t. In the analysis this modulation has

s 2:2

Fig. 2. Comparison in the region of the v, band Q branch of
CIONO, bet'_een a laboratory spectrum recorded at room tempera-
ture witia about 0.5 ton" of C1ONO: in a 5-cm absorption path (solid
line) and a least squares best fit to the data (crosses). The measured

spectrum has been normalized to the peak intensity in the interval:
the upper half of the spectrum is plotted. Residuals (observed-
calculated) are plotted at top.
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& The intensity S (in cm-*/molecule cm -2 at 296 K) has been

calculated from

S = Svexp[A(v- vo)] v< vo

S = Sv v = vo 13)

S = S_exp[-B(v- vo) z] v> vo

In (3), v0 corresponds to the position of the absorption peak

of the CIONQ Q branch. The values of v0, Sv, A, and B have

been derived from the least squares fits. Since neither

quantum assignments nor measurements of the temperature

dependence of the absorption are available, an arbitrary

value of 300 cm -* has been adopted for the lower state

energy of all lines. Runs were made with Lorentz half-widths

70 of 0.1 and 0.2 cm -t atm -* at 296 K to study the sensitivity

of the results to the assumed half-width.

The analysis of the laboratory spectra with the technique

of nonlinear least squares spectral curve fitting followed the

procedures described in previous papers [Goldman et al.,

1980; Rinsland et al.. 1983a]. In the present work a subrou-

tine was added to the analysis program to generate a line list

from values for v0. Sv, A, and B. These four parameters and

two parameters for the background level and slope were

adjusted simultaneously in fitting the 182 measured intensi-
ties between 779.0 and 781.0 cm -*. For the 1.5 and 3.1 ton-

scans, parameters for the amplitude and phase of the channel

spectrum were added; the period was held fixed at 1.3 cm -_

in the analysis. The Fourier transform technique [cf. Niple et

al., 1980] has been used to convolve the infinite resolution

transmittances with the instrument line shape function.

Figure 2 shows the agreement between the 0.5-ton" labora-

tory Spectrum and the least squares best fit to the data. The

differences in the upper panel are observed minus calculated

intensities expressed as a fraction of the maximum measured

3i ' I ' 1
r

C(_ -2--
i

2

i

T

?-- ; __

Fig. 3. Comparison in the region of the v_ band Q branch of
C1ONO, between a laboratory spectrum recorded at room tempera-
ture with about 3. I torT of CIONO_. in a 5-cm absorption path Isolid
line_ and a least squares best fit to the data ¢crosses_. The format is
the same as in Figure 2.

intensity in the fitted region. The rms residual is 0.3% for this

scan. The fits are slightly poorer for the 1.5-ton" and 3. I-ton"

scans. The rms residuals for these spectra are 0.5% and

0.9%, respectively. The fit to the 3. l-tort scan is shown in

Figure 3. As can be seen from this plot. the calculated

spectrum slightly underestimates the absorption in the stron-

gest part of the Q branch. For all three scans the rms residual

of the fit was the same for assumed Lorentz half-widths of

0.1 and 0.2 cm-_ atm-z at 296 K.

Table 1 presents the parameters derived from the fits to

the three laboratory scans, assuming half-widths 3'o of 0.1

and 0.2 cm -*atm -R at 296 K for all lines and that the

measured pressure is due entirely to CIONO:. Also listed is

the sum of individual line intensities Stot. For the three scans

the parameter values derived from the fits are nearly inde-

pendent of the assumed half-width. The agreement between

the values determined from the 0.5-ton" and 1.5-torr scans is

quite good, but slightly lower values for S_ and Stot were

obtained from the analysis of the 3.l-torr scan. This differ-

ence is believed to result from the inadequacies in the simple

model used to analyze the laboratory spectra and possibly

from the decay of CIONO, in the sample. Nitric acid was

observed as a decomposition product in the 3.I-tort scan.

The positions of HNO_ features in the 865-875 cm -_ region

were measured from this scan and compared to calibrated

positions from the University of Denver Atlas of Strato-

spheric Absorption Spectra [Goldman et al., 1983a]. The

average of the differences between the observed and refer-

ence positions was used as a calibration factor for the

determination of I.'0for this scan. Absorption by HNO3 was

not detected in the 0.5-tort scan and is very weak in the 1.5-

ton- scan. The values of v0 listed for these two scans are

uncalibrated.

Because of sample impurities, the values of S,, and St,,, in

Table 1 are lower limits. To obtain an estimate of the partial

pressure of HNO_, the HNO3 features identified in the 3.1-

ton" spectrum were analyzed with the technique of nonlinear

least squares spectral curve fitting. A HNO3 volume mixing

ratio of 0.04 - 0.01 was derived from a fit to the 867.0-870.0

cm -* region with the line parameters generated by Goldman

et al. [1984]. Absorption by HNO3 is much weaker in the 1.5-

ton" scan. A volume mixing ratio of 0.03 ± 0.015 was

estimated for this spectrum from the absorption depth of the

v_ band Q branch at 879 cm-t. An upper limit of 0.10 for the

HNO3 volume mixing ratio in the 0.5-ton- spectrum was

estimated from the same spectral region. No other contami-

nants have been'identified in the 750-1300 cm -I region

covered bythese spectra. However,similar laboratory spec-
tra _of CIONO2 covering .the_1200-:2000 :cm-t region-show

absorption bythe :_ band of NO2 near.1600 cm -l. Also, it is

important_to_note that contaminants with only weak or

diffuse bands inthe intervals covered in the laboratory

spectra would not be identified.

We compared the peak absorpiivity (a = in (lo/l)/pD

derived from our laboratory spectra (assuming pure CIONO,

samples) with the values measured by Graham et al. [1977]

after they corrected for the decay of CIONO_,. The values

measured from our 0.5-torr, 1.5-ton", and 3.l-ton" scans are

38.35, and 28 cm -t atm -I at STP, respectively. The lower

value for the 3. l-torr scan probably results from the difficul-

ty in determining the background (100% transmission) level

caused by the stronger absorption of CIONO, in that spec-

trum. The absorptivities derived by Graham et al. are a
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TABLE I, Parameters Obtained From the Analysis of the ClONO: Laboratory Spectra

0.5"tort CIONO,. 1.5-torr CIONO,. 3. I-tort CIONO.,

Parameter 3'0 = 0.1 3'0 = 0.2 3'0 = 0.1 Yo = 0.2 3'0 = 0.1 3,o = 0.2

v0 780.1999" 780.2013" 780.2058" 780.2035" 780.2138* 780.2114'
A 13.5056 13.3694 11.1699 11.3714 11.6282 11.8626
B 0.8503 0.9296 0.9063 0.8348 0.7993 0.7232
Sv 2.798 x 10 -21 2.813 × 10-zt 2.604 x 10-:l 2.576 × 10 -:l 2.117 x 10 -:l 2.106 x 10 -zl
S_o_ 1.636 × 10 -19 1.629 x 10-19 1.703 × 10-19 1.688 × 10 -19 1.377 x 10 -19 1.376 X 10 -19

For all three spectra, absorption path is 5 cm. T = ... C. Units are cm- arm -* at 296 K for the half-width 3'o,cm-* for vo, cm forA and B,

and cm-t/molecule cm--" at 296 K for Sv and S,o,.

* Uncalibrated position.
t Calibrated position, see text.

strong function of the resolution of the measurements. At the

highe st resolution (0.0625 cm-_) a value of 49 cm-t atm-* at

STP was determined for pure CIONO,.. This result is about

25% higher than our values. In assessing this difference it

should be noted that Graham et al. assign an uncertainty of

25% to their results and that our measurements were ob-

tained at a resolution of 0.02 cm -*. The integrated intensity

obtained in the present study is considerably larger than that

derived from earlier spectra obtained at the University of

Denver [Murcray et al., 1977]. This difference is believed to

result from an unrecognized contaminant in the samples

used in the previous analysis.

OZONE LABORATORY SPECTRA

Laboratory spectra of nearly pure ozone were recorded at

room temperature and 0.005 cm -_ resolution with the Fouri-

er transform spectrometer in the McMath solar telescope

complex at the National Solar Observatory. Ozone for the

TABLE 2. Line Positions (in cm -t) and Relative Intensities (in 10-'-3 era-J/molecule cm-Z at
296 K) of J603 Lines Derived From the Laboratory Spectra

Line Intensity

Identification This AFGL
Line

Position Band J' K,' Kc' J" K," K¢" Study 821

779.02223 1 12 12 0 12 !I 1 1.581 2.39
779.06323 1 44 3 41 43 2 42 0.697 0.447
779.10190 2 29 9 21 28 8 20 1.261 1.19
779.27584 1 56 6 50 55 5 51 0.505 0.288
779.33482 1 27 9 19 26 8 18 22.37 21.7
779.42190 1 37 8 30 36 7 29 9.897 8.27
779.42983 1 48 7 41 47 6 42 2.78¢ 1.60
779.59247 1 18 10 8 17 9 9 30.50 34.5
779.60550 2 20 I0 I0 19 9 11 2.382_ 2.01
779.66458 1 23 15 9 24 14 10 0.245 0.307
779.78004 1 49 7 43 48 6 42 1.813 i.33
779.81850 2 11 11 1 10 10 0 2.342_ 2.55
780.06893 1 28 9 19 27 8 20 21.03 19.8
780.10383 1 38 8 30 37 7 31 8.742 7.22
780.21479 2 41 8 34 40 7 33 0.469 0.312
780.36367 1 19 10 10 18 9 9 29.48_ 32.6
780.53592 2 31 9 23 30 8 22 1.187 0.966
780.61120 2 12 11 1 11 l0 2 2.062 2.45
780.64074 1 50 7 43 49 6 44 1.717 1.10
780.65060 l 14 14 0 15 13 3 0.664 0.03

780.77906 1 39 8 32 38 7 31 7.680 6.27
780.79861 1 29 9 21 28 8 20 19.75 17.9

780.83348 1 51 7 45 50 6 44 t.541 0.901
781.11794 2 22 10 12 21 9 13 1.752 1.77
781_!3098 I 20 10 I0 19 9 11 27.90 30.7
781.18143 I II 11 1 10 10 0 29.56 39.1

781.24633 2 32 9 23 31 8 24 0.728 0.865
781.39999 2 13 11 3 12 i0 2 1.555 2.35
781.45019 1 40 8 32 39 7 33 7.067 5.42
781.50707 2 43 8 36 42 7 35 0.269, 0.253
781.52387 1 30 9 2l 29 8 22 17.92 16.2
781.77864 1 50 13 37 50 12 38 0.316 0.329
781.80619 1 53 7 47 52 6 46 1.139 0.599
781.83912 I 52 7 45 51 6 46 1.210 0.736
781.86810 2 23 10 14 22 9 13 1.850 1.64
781.89446 1 2l 10 12 20 9 II 26.77 28.8
781.95190 2 33 9 25 32 8 24 0.992 0.773
781.97890 1 12 11 1 11 10 2 29.62 37.6

* Band I, v.: band 2, 2v.-vz.
t Absolute intensity values from the 1982 compilation [Rothman et al., 1983].
.+Relative intensity value is less accurate because of overlapping absorption.
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weaker and blended lines. Based also on the comparison of

the results obtained from the 8. l-ton- and 23.2-torr spectra,
the relative intensities are estimated to be accurate to 10%

for strong, unblended lines and to about 50% for the weakest

lines. Although only relative line intensities have been

determined from the lab spectra, 26 of the 38 measured

values are within 30% of absolute intensities in the 1982

AFGL compilation (also listed in Table 2). However, some

significant discrepancies can be noted; in particular the line
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Fig. 4. Comparison in the 780.0-781.0-cm -_ region between a
laboratory spectrum recorded at room temperature with about 23.2
ton" of ozone in a 50-era cell (solid line) and a least squares best fit to
the data (crosses). The format is the same as in Figure 2.

measurements was generated from natural oxygen by using

the silent electric discharge technique [cf. Meunier et al.,

1982]. In the present analysis, spectra obtained with total

pressures of 8.1 tort and 23.2 torr in a 50-cm absorption path

have been analyzed. Because of the problem of ozone

decomposition, only relative intensities and line positions

have been derived from the data. For both scans a signal-to-

rms noise ratio in the 780-cm -t region of ---500 was achieved

with an integration time of 1 hour.

The 779.0-782.0 cm -t region was covered by analyzing

consecutive segments I cm -I wide with the technique of

nonlinear least squares spectral curve fitting. Starting values

for the ozone Positions and intensities were obtained from

the 1982 Air Force Geophysics Laboratory (AFGL) line

parameters compilation [Rothman et al., 1983a]. These

parameters were calculated as described by Goldman et al.

[1982]. Lines with absorption depths at line center of less

than = 1% of the background intensity were included in the

calculations but with position and intensity values fixed to

those listed in the 1982 AFGL compilation. For the 23.2-torr

scan this criterion corresponds to an intensity value of about
2.0 x 10 -24 cm'_tlmolecule cm--" at 296 K. A self-broadened

half-width of0.115 cm -t_ atm-. t at 296 K was assumed for.the

weake]"_O_liffes_ This :4alue ,is _ihe)zverage oL,22-_ae_ure-

merits obtained in the 3-and 5-/.tin regmns by Meunier et al.

[1982], The half-widths of the stronger lines were included as

free parameters in the analysis.

Table 2 presents the line positions and relative intensities

derived from the analysis of the 23.2-tort scan. The identifi-

cations are based on the comparisons of the measured

positions and intensities with values in the 1982 AFGL

compilation [Rothman et al.. 1983a]. The line positions have

been calibrated with respect to accurate N,O line positions

in the 1255-1282 cm -I region from the tables ofOIson et al.

[1981]. For the stronger unblended lines the positions deter-

mined from the 8. l-tort and 23.2-tort spectra agree to

_0.00015 cm -t. The accuracy of the positions decreases

with line intensity and is estimated to be _0.003 cm -_ for the
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Fig. 5. Stratospheric and laboratory spectra (0.02-cm -_ resolu-

tion) in the region of the v_ band Q branch of CIONO,.. The upper
three spectra were recorded at the float altitude of 33.5 km during a
balloon flight on March 23, 1981, from Holloman Air Force Base.
New Mexico, with the University of Denver interferometer system.
The astronomical zenith angles are indicated for each scan. The
tangent heights are 27.0 km and 23.8 km for the 92.61 ° and 93.19"
scans, respectively. The bottom scan was obtained in the laboratory
at room temperature with about 0.5 ton- of CIONO, in a 5-cm
absorption path. Arrows in two of the stratospheric scans indicate
an absorption feature tentatively identified as a blend of CO,.,
CIONO,., and O_.
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TABLE 3. Parameters for the March 23. 1981, University of
Denver Balloon Flight

Parameter Value

Latitude 32.8°N

Longitude 106.0°W
Float altitude 33.5 - 0.5 km
Scan time 40 s
Maximum path difference 50 cm
Field of view 8 arcmin
Pointing accuracy -0.05°
Spectral coverage 740 - 1350 cm -_
Continuum signal to rms noise at 780 cm -_ 150

Tropopause height 10.4 km

at 780.6505 cm -_ is observed to be much stronger than

indicated by the 1982 AFGL compilation. Perhaps, this

difference is due to an overlapping line from an unassigned

hot band. The line widths measured from the 23.2-tort scan

are only slightly larger than the width of the instrument line

shape function; for this reason the self-broadened widths

derived from this spectrum are believed to be not very

accurate and are not reported.

The weak O3 line at 780.2148 cm -_ occurs close to the

position of the strongest absorption by CIONO2. When the
23.2-tort laboratory spectrum is plotted on an expanded

vertical scale, there is an indication that this line is blended

with about a factor of 2 weaker, unassigned 03 line centered

near 780.206 cm -_. This weaker feature is near the noise

level of the present data; higher signal to noise and increased

resolution are needed to determine if this weaker O3 line is

real.

Figure 4 shows the agreement obtained in the 780.0-781.0

cm -1 region between the 23.2-torr laboratory and best-fit

calculated spectra. As in Figure 3 the residuals (observed-

calculated) in the upper panel are expressed as a percentage

of the maximum intensity measured in the region. The rms

residual is 0.35%, very close to the noise level of the data.

Similar results were obtained from the fits to the 779.0-780.0

cm -l and 781.0-782.0 cm -t regions.

STRATOSPHERIC SPECTRA AND ANALYSIS

The stratospheric solar absorption spectra analyzed in this
work were recorded during sunset with a Michelson-type

Fourier transform interferometer with an apodized FWHM

(full width at half maximum) resolution of 0.02 cm -t. The

balloon flight was performed from Holloman Air Force Base

near Alamogordo, New Mexico, on March 23, 1981. Table 3

summarizes important flight and experimental parameters

and their estimated uncertainties.

Figure 5 shows th6"779.0-:-782.0 cm -_ interval in balloon

flight spectrarecorded Under'high sun and low sun condi-
tions and in the-0.5-torr laboratory spectrum of CIONO2.

The solar and atmospheric features identified in the strato-

spheric spectra are marked beneath one of the scans and are

repeated and numbered at top. Table 4 lists the correspond-

ing line positions and identifications. These identifications

are based on comparisons between the observed spectra and

simulated spectra generated with the line parameters and

vertical profiles discussed below and on the agreement

between the measured and reference line positions. An

arrow beneath the low sun stratospheric scans indicates the

feature corresponding in position to the strongest absorption

b v the v._ band Q branch of CIONO__. Based on the consider-

ations discussed in this section, we tentatively identify this

feature as a blend of CIONO2, CO2, and 03. The other

identifications, except for a few minor changes, which result

from comparisons of the balloon spectra with the new O3

laboratory spectra, are from the University of Denver Atlas

of Stratospheric Solar Absorption Spectra [Goldman et al.,

1983a].

Line positions and intensities for 03 were taken from the

analysis of the Kitt Peak laboratory spectra. The transition-

dependent air-broadened half-widths calculated recently for

296 K by Gamache et al. [1984] were assumed in the analysis

(R. R. Gamache, private communication, 1984). For CIONO_.

the line list was calculated with our simple empirical model

assuming the values of A and B derived from fitting the 0.5-

torr lab scan with 3'0 = 0.1 cm -j atm -t at 296 K, 1.25 times

the value of S,, derived from the same analysis (scaled to

agree with the measurements of Graham et al. [1977]) and

the average of the two calibrated values of vo determined

from the fit to the 3. l-tort" lab scan. Line parameters for CO,,,

NO2, and HCN were taken from the 1982 Air Force Geo-

TABLE 4. Identification of Atmospheric and Solar Features in
the 779.0--781.0 cm -) Region

Sequence Position, Molecular
Number cm-t Identification

1 779.021 O3
2 779.064 O3
3 779.105 O3
4 779.263 O3
5 779.305 HzO
6 779.335 O3
7 779.424 O3
8 779.508 COz, 03?
9 779.592 O3

10 779.667 CO2, O3
! 1 779.746 CO2, O3
12 779.780 O3
13 779.818 O3
14 779.870 O3
15 779.933 O3
16 780.004 O3
17 780.070 03, CO:,
18 780.103 O3
19 780.180 '_ "
20 780.227 CIONO2?, COz, O3
21 780.363 O3
22 780.504 CO2, O3
23 780.540 O3
24 780.609 O3
25 780.648 O_
26 780.741 O3
27 780.794 Os
28 780.834 O3
29 780.871 03, solar.OH

30 780:971 COz
31 781.130 O3
32 781.180 O3
33 781.245 03
34 781.267 C02
35 781.311 03, solar OH
36 781.381 O3
37 781.399 O3
38 781.450 03
39 781.523 O3
40 781.591 O3, CO:
41 781.692 CO,., 03
42 781.800 03
43 781.893 03, solar OH
44 781.938 Os
45 781.978 03
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Fig. 6. Simulation of the spectral region containing the C1ONO. v_ band Q branch. The upper portion of the plot

shows the transmittance spectrum calculated for each gas; the transmittance spectrum for the sum of the gases is plotted
at bottom. The vertical scaling for each gas is the same. but the calculated spectra have been offset vertically for clarity.
In all cases the infinite resolution spectrum has been convolved with the instrument profile function corresponding to
the University of Denver instrument.

physics Laboratory fAFGL) major and trace gas compila-

tions [Rothman et al., 1983a, b]. Several lines of solar OH

have been identified in this spectral region [Goldman et al.,

1983a]; their absorption has been simulated by assuming a

Doppler line shape and the positions and intensities at 6000

K calculated by Goldman et al. [1983b]. The temperature

dependence of the air-broadened half-width has been as-

sumed to be T -°s5 for O_ [Colmont and Monnanteuil, 1984],

T -°v5 for COz, and T -°5 for the other gases.

A 12-layer model was adopted for the analysis of one high-

sun (81.9l _) and six low-sun spectra. Isothermal layer

boundaries were defined by the tangent altitudes of the

refracted rays of the low sun scans (23.8, 27.0. 28.4, 29.6,

30.6, and 33.2 kin), the balloon float altitude (33.5 km), and

selected points above the balloon (35, 40, 45, 50.70, and 100

kin). The ray-tracing calculations were made with the

FSCATM program from FASCODIB [Galle©" et al., 1983],

assuming a correlative pressure-temperature profile derived

from global satellite and radiosonde measurements (M.

Gelman, private communication, 1982).

A simulation of the region containing the CIONO2 v, band

Q branch is shown in Figure 6 for conditions corresponding

to the 92.61 ° scan (tangent height. 27.0 kin). The absorption

by each of the gases is shown in the upper part of the figure.
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interval; residuals (observed-calculated) are plotted above each scan. Arrows mark the location of the strongest
absorption by the CIONO_, v, Q branch. The tangent altitudes of the scans (top to bottom) are 28.4, 27.0, and 23.8 kin.

The vertical scaling for each gas is the same, but the

calculated spectra have been displaced vertically for clarity.

At bottom the calculated spectrum obtained with all gases is

plotted at the same vertical scale. The average daytime

ClONO2 profile from the model calculations of Miller et al.

[1981] and a constant CO2 mixing ratio of 325 ppmv have

been assumed. The profiles for other gases are from Smith

[1982]. The absorption by CIONO_, is calculated to be

considerably broader than the width of single _lines. The

CIONO2 absorption depth is computed to be 1.5% at the

strongest pan of the Q branch. In this region the CIONO2

absorption is overlapped by lines of CO, and 03. The CO,_

line is the stronger of the two, and its position is 0.018 cm-

higher than the C[ONOt peak at 780.213 cm -n. Absorption

by NO,.. H.,O, and HCN is calculated to be negligible in this

interval.

Because of the overlapping absorption by CO., and O_, the

region near the CIONO2 va band Q branch was analyzed with

the technique of nonlinear Least squares, spectral curve

fitting. Details of the application of this procedure to the

analysis of University of Denver stratospheric spectra have

been described in several previous publications [Niple et al..

1980; Goldman et al., 1980; Rinsland et al.. 1982, 1983b]. In

the present work a relatively wide interval (779.14--7gl.75

cm -n) has been included in the fit to improve the accuracy in

establishing the background and to permit the comparison of

the quality of the fit within and away from the CIONO_ O

branch region. In addition to the CIONO2 profile, the O3

profile was derived from the analysis. However, only the O_

profile shape is well determined, since the assumed O_ line
intensities are relative rather than absolute values. The

profiles of CO_; HCN, H:O, and NO2 were constrained to

initial .values. Additional parameters were included to model

the background level and slope, weak channel spectra (with

periods between 1.1 and 2.5 cm-'), and minor residual phase

distortions in the instrument line shape.

Figure 7 presents the fitting results obtained for the three

lowest sun scans with (left panels) and without (fight panels)

CIONO, lines included in the analysis. The measured intensi-

ties have been normalized to the peak intensity in the fitted

region. Arrows beneath the spectra and in the residual plots

mark the position of the strongest absorption by CIONO,_, as

determined from the laboratory spectra. Without CIONO,_

lines the absorption in the Q branch region is underestimated

in the calculated spectra, and a weak broad feature results in

all three residual plots. The rms residuals without CIONO,_
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lines in the fit (top to bottotn) are 1.0%, 1. i%, and 1.7%. The

fits with CIONOz lines included in the analysis are consider-

ably better in the CIONO2 Q branch region. The rms

residuals with CIONO: lines in the fit (top to bottom) are

0.9%, 1.0%, and 1.4%.

Figure 8 compares the 0.5-torr laboratory spectrum of

CIONO2 and the residuals obtained for the 92.61 ° and 93.19 °

scans without CIONO,. lines in the analysis. Despite the

difference in the temperature of the laboratory run (_22°C)

and that of the stratosphere and the problem of the contribu-

tion from the overlapping lines of CO,_ and 03, there is fairly

good agreement in both the position and shape of the broad

feature in the residuals and the CIONO._ absorption in the

laboratory spectrum. The large residuals near 780.36 cm -_

result from errors in fitting a strong O3 line: note that these

residuals have a sharper appearance than those of the broad
feature.

Since CO, and O3 lines are calculated to produce discern-

ible absorption near the CIONO, Q branch position, it is

important to try to determine if errors in the parameters

assumed for these lines could cause the large residuals noted

in the fits. The overlapping carbon dioxide line is R29 from

the temperature-sensitive 12201-03301 band of _:C_60_,. To

our know, ledge there have not been any recent measure-
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0
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ments reported for this band. However, the position for this.

line in the 1982 AFGL compilation should be accurate to"
0.001 cm -_ or better, since the molecular constants for both

the upper and lower levels have been derived from numerous

experimental measurements [see Rothman et al., 1983a,

Table II). The 1982 AFGL compilation lists three additional

lines of this band in the fitted region: R28 at 779.508 cm -t,
R30 at 780.976 cm -_. and R31 at 781.692 cm -). The line

positions measured from the stratospheric spectra agree with
these values to 0.001 cm -I for R28.and R31 and to 0.005

cm -_ for:R30, which is blended with-another COz line of

about the same intensity. Only weak O3 lines are listed near

these line positions in the 1982 AFGL compilation [Rothman

et al.. 1983a]. The new O3 lab spectra also do not show

measurable O3 absorption in the vicinity of these CO, lines.

Minor contamination of the R28 and R31 lines by O3 is likely,

however, since an atlas of 0.04-cm -t resolution laboratory

spectra [Damon et al.. 1981] obtained with 40 times more O3

in the path than used in the Kitt Peak experiment show

absorption near the positions of both lines. Despite these

limitations, the quality of the fits to all three of these CO,

features in the stratospheric spectra suggests that this CO,

band has been simulated fairly well in our analysis. Figure 9

shows an example of a fit near the R31 line on an expanded
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Fig.8. Comparison in the regionof the CIONOz v4 band g
branch between the residuals(observed-calculated)obtainedwith-
outCIONOz linesintheanalysisand a room-temperaturelaboratory

spectrumof CIONOz recordedwithabout0.5ton"ofCIONO2 ina 5-
cm path•The astronomicalzenithangles of the corresponding
stratosphericscansareindicati_dfortheresidualplots.A calibration
factorhas been added to the wave numbers to convert from a

relativeto an absolutescale.

scale• An analysis of the CO2 bands in this region is planned

(L. R. Brown, private communication, 1984).

The overlapping O3 line at 780.215 cm -I is very weak in

our 23.2-tort laboratory spectrum. To obtain an upper limit

for its possible contribution to the absorption, the retrievals

were repeated with the intensity of this line increased by a

factor of 2. Figure 10 compares the residuals in the CIONO.,

region with and without the doubling of the O3 line intensity.

No CIONOz lines were included in the analysis. The changes

in the residuals are very small, and thus we conclude that

most of the absorption near.780.2 cm-! cannot be explained

by O3.
The stratospheric spectra were also analyzed assuming the

03 line parameters on the 1982 AFGL compilation [Rothman

et al., 1983a]. These parameters produce considerably poor-

er fits to the stratospheric spectra than those obtained with

the values listed in Table 2. An extensive analysis of the new

O3 lab data is in progress.
Of the seven scans analyzed, only the four with the largest

zenith angles (92.03', 92.32 °. 92.61L and 93.19 °) show suffi-

cient absorption to derive quantitative values for CIONO:.

The 92.03 ° scan has been used to determine an average

mixin o, ratio of 0.5 ppbv above the tangent altitude of 29.6

kin. The absorption is ver> _eak, and the uncertainty of this
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Fig. 9. The R31 line of the 12201-03301 band of t"Ct_O.- (arrow)
in measured and least squares, best fit stratospheric spectra. The

results displayed were obtained as part of the fit to the 92.61 ° scan
with CIONO., lines included in the analysis.

value is estimated to be ±80%. Values of 1.1, 1.0, and 0.9

ppbv were retrieved from the 92.32 °, 92.61 °, and 93.19 °

scans, respectively. The uncertainties in these mixing ratios
are estimated to be "-60%. The uncertainties for all four

measured values are total uncertainties, which include the

effects of the dominant sources of error: (1) influence of

instrument noise, (2) the uncertainty in the simulation of the

overlapping COz and O3 absorption, (3) the uncertainty in

the fit to the background level in the CIONOz region, and (4)

the uncertainty in the intensity and shape of the CIONO,, _4

band Q branch at stratospheric temperatures.
As a check of the results, retrievals were also made using

equivalent width measurements. Within the uncertainties:the

mixing ratios inferred with this procedure were found to be

consistent with the values determined from the least squares

fits. For example an equivalent width of 0.00450 cm -t was

measured for the 780.16-780.28 cm -_ interval of the 92.61 °

-2

:- / t_,",,

93.19 ° ..:

-5 2 - -:'2 2

Fig. 10. The effect on the residuals (observed-calculated) of
doubling the assumed intensity of the 780.215-cm -t line of Os. The
results are shown for the 93.19 ° scan (tangent height, 23.8 kin). The
solid line shows the residuals obtained with the intensity value listed
in Table 2. The dashed line indicates the residuals obtained with the

Oa intensity doubled. For both fits, no CIONO: lines were included

in the analysis•
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scan (tangent height of 27.0 kin). The equivalent widths of

the overlapping CO,_ and O3 lines are calculated to be

0.00066 cm-t and 0.00016 cm-J. respectively. The difference

between the measured equivalent width and the sum of the

calculated CO: and 03 equivalent widths is 0.00371 cm -_.

Using this difference together with an integrated intensity of

1.38 x 10 -19 cm-t/molecule cm -2 for CIONO: in this region

and a total air mass of 2.83 x 10:5 molecules cm-:, an

average mixing ratio of 0.95 ppbv is obtained (assuming the

absorption is on the linear part of the curve of growth).

DISCUSSION

Our analysis has shown that an absorption feature ob-

served near 780.227 cm -* in a sequence of stratospheric

spectra is too strong and too broad to be attributed solely to

known lines of CO., and 03. Although the additional absorp-

tion coincides closely with the CIONO: v4 band Q branch in

position and shape, the identification must be regarded as
tentative because of the following considerations:

I. It was not possible to identify the 809-cm -I and 1292-

cm -* bands of ClONO2 in the same set of spectra. The

relatively weak _ fundamental at 809 cm -_ falls in a short

gap in the flight data caused by the real-time filter used with

the University of Denver instrument. High-resolution labo-

ratory spectra [Murcray and Goldman, 1981; Murcray et al.,

1984] indicate the _ fundamental Q branch is considerably

broader than the Q branches of the _ and z,., bands. The __

strongest absorption extends over the 1291-1293 cm -_ re-

gion. This region was covered during a balloon flight made

on October 27, 1978. A CIONO2 profile was determined from

those data based on the assumption that a broadband absorp-

tion occurring in this region was due to CIONOz [Murcray et

al., 1979]. It should be emphasized that the 1292-cm -1 band

results were based on simple equivalent width estimates and
the assumption that all the broadband absorption is due to

CIONO2. Thus the CIONOz profile from this earlier flight is

not on as firm a spectroscopic basis as the current analysis.

A complete analysis of the 1292-cm -I region has not been

performed because of the lack of suitable spectroscopic

parameters for HNO3 and CIONO2 in this region. ' Current

plans call for nonlinear least squares analysis of this region

with empirical line parameters for CIONO2 (similar to those

used here for the 780-cm -I Q branch) and HNO3 spectrosco-

pic line parameters for which work is in progress (A. Maki.

private communication, 1984).

2. The line parameters derived from the new laboratory

data for 03 and CIONO2 produce considerable improve-

ments in the least squares fits to the stratospheric spectra.

but the residual plots indicate that problems remain in

modeling the '.experimental data..The poorest fit is ob/_ained

for the 93.19 ° scan,-an(i for this spectrum the rms residual is

about twice the rms-noise of the data. These systematic

problems are believed to be due mostly to minor inaccura-

cies in the assumed line parameters (particularly the posi-

tions and intensities of the weaker O_ lines), and their

presence makes it difficult to analyze a feature as weak as

the CIONO_. Q branch.

3. A weak line appears at 780. 180 cm-_ in the 93.19° scan

and is also observed in the four lower sun scans obtained

during this flight Izenith angles of 94.64 _ to 95.15 °. corre-

sponding to tangent altitudes of 14.2 km to 8.1 km). A line

from the 2_-_. band of O3 is listed at 780.177 cm -_ in the

1982 AFGL compilation [Rothman et a[.. 1983a]. but its
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Fig II Comparison of measured profiles(fromthisstudy and
from the study of Murcray et al. [19790 and model profiles (M.
Natarajan, private communication. 1984. and from the study of
Miller et al. [1981]) of CIONO>

intensity is calculated to be too weak to account for the

observed line. Both the new 03 laboratory spectra and the

atlas of Damon et al. [1981] show no obvious absorption at

this frequency. The presence of this unassigned line has only

a minor influence on the fit to the 93.19 ° scan, but its

occurrence points out the potential pitfalls of relying on a

single, weak feature for a spectroscopic identification.

In Figure l I the two experimental CIONO, mixing ratio

profiles determined from University of Denver stratospheric

spectra are plotted along with a daytime-averaged CIONO,

profile for 30°N (dashed line) calculated by Miller et al.

[1981] and a sunset CIONO2 profile (M. Natarajan, private

communication, 1984) calculated for March at 30*N (solid'-

line) with the model of Callis et al. [ 1983] and recent reaction

rates [NASA Panel for Data Evaluation, 1983]. The experi-

mental mixing ratios are higher on average than the calculat-

ed values, but the experimental error bars are large. The two

experimental profiles agree at all aJtitudes within the uncer-

tainties. There is better agreement between the experimental

and the model profile shapes, but it is difficult to draw firm

conclusions because of the large uncertainties in the experi-

mental values.

SUMMARY AND CONCLUSIONS

We have reported a tentative identification of the 780-cm- =

v4 band Q branch of CIONO: on the basis of an analysis of

0.02-cm -_ resolution balloon-borne stratospheric solar ab-

sorption spectra and new high-resolution laboratory spectra

of CIONO,_ and O3. The preliminary altitude profile deduced

from the data is similar to photochemical model predictions

and to the results obtained previously from the 1292-cm -z

band [Murcray et al., 1979]. but the experimental values

have large uncertainties owing to the difficulties of the

measurements. We caution that only limited significance

should be attached to the differences between the measured
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and model profiles in view of the large experimental uncer-

tainties and the tentative nature of our resutts.

Improved stratospheric and laboratory spectra will be

necessary to obtain a firm identification of CIONO: (which

should be based on more than one feature in the same set of

spectra) and to accurately quantify" its vertical profile. In the

near future we hope to use a narrow-band filter to record

high-resolution stratospheric solar absorption spectra cover-

ing the 780-cm-' and 809-cm -I Q branches of CIONO,.

These measurements should have the higher signal-to-noise

ratio needed to better study the weak, broad absorption

feature detected at the position of the 780-cm- t Q branch. In

the laboratory, additional spectra of C.IONO2 and 03 are

needed. A key issue for CIONO: remains the possibility that

the integrated intensities have been underestimated because

of unrecognized contaminants in the sample. Both the abso-

lute intensities and shapes of the CIONO: Q branches need

to be measured at stratospheric temperatures. Improved line

parameters for the weak O_ lines in the 780-cm -* and 809-

cm- t regions would improve least squares fits to stratospher-

ic spectra.
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a concentrated load applied at the center. The ground state

was recorded with all the apertures open. The subsequent

exposures were taken by opening in turn only two apertures,
one each on the two segments, and sequentially loading the

object.
The exposure times were all equal, and care was taken to

ensure linearity of the recording. After processing, the

specklegram was placed in the Fourier filtering setup, and

various fringe patterns were photographed by filtering at the

respective halos. Figure 2 shows the photographs for a x shear

of 2 mm and central deflections of 5, 10, 15, and 20 #m, re-

spectively.
This method includes the earlier methods described in Refs.

1 and 2 as special cases. It provides a more convenient

method to multiplex any amount of information on the same

plate. The split-lens arrangement provides a flexibility to

apply shears of desired magnitude and direction. If flexibility
is not a primary requirement, a normal camera lens with an

appropriate aperture mask and a custom-made wedge plate

covering half of the lens can be used.
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The 3230-3340-cm -1 interval of 0.01-cm -i resolution

solar absorption spectra recorded with the McMath inter-
ferometer of the National Solar Observatory on Kitt Peak

{31.9°N, lll.6°W, altitude 2095 m) has been searched for the

presence of absorption lines of atmospheric acetylene (C2H2).
A total of 12 lines belonging to the strong vs and v2 + _4 + vs
bands has been identified in this interval. Several of these

lines are well isolated in the solar spectra and are suitable for

ground-based monitoring of seasonal and long term trends in
the column amounts of atmospheric C2H2. In this Letter, we

report the identification and analysis of selected atmospheric

C2H2 lines in a representative set of Kitt Peak solar

spectra.
Figure 1 is a plot of small spectral intervals containing the

two atmospheric C2H2 lines selected as most favorable for

quantitative analysis. The sequence of scans shown covers

the 1850-5500-cm -i region and was obtained on the morning

of 23 Feb. 1981. The signal-to-rms noise ratio of the spectra

is _1000 in the C2H2 region. The C2H2 lines are marked.

Based on the positions and assignments reported in a recent

laboratory study, t the line at 3250.6633 cm -t is identified as
P13 of the v2 + v4 + vs band, and the line at 3304.9686 cm -1

is identified as R9 of the same band. The measured positions

in the solar spectra agree with the laboratory values to 0.002

cm -1. Lines of S20 at 3250.938 and 3305.172 cm-* are also

indicated in the figure.
The P2 line of the v3 band of HCN is observed at 3305.544

cm -t, just outside the interval shown in the figure. The C2H2

and H20 lines are broad in the solar spectra, indicating they

result from gases concentrated predominately in the tropo-

sphere where pressure broadening is important. Simulations

with the line parameters discussed below and the atmospheric

trace gas concentration profiles of Smith 2 indicate both C2H2
lines are located in the far wings of broad strong lines but that

no interfering absorption occurs near the C2H2 line centers.
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Table I. Total Vertical Column Amounts Uc_t (In 10 Is molecules cm -2)

and Corresponding Average Tropospheric Volume Mixing Ratios _ (in

ppbv) of C:H: above Kltt Peak

Position 23 Feb. 1981 b 1 Oct. 1982 c

Line a (cm -l) uc2H2 _ UC2H2

P13 3250.6633 2.23 0.20 2.14 0.15
R9 3304.9686 2.34 0.21 1.86 0.13
Average 2.28d 0.20 2.00d 0.14

a In the v2+ _4+ vsband of 12C2H2.
bTropopause geopotential altitude ffi10.4 km.
c Tropopause geopotential altitude ffi15.6 kin.
d Estimated uncertainty ±15%, estimated precision _-10%.

However, long path laboratory spectra of C02 obtained with
the McMath interferometer show that there is minor con-
tamination of the 3304.9686-cm -1 line by the P46 line of the
22202-01101 band of 12CIeO2.S This interfering C02 line also
appears in the C02 arias of Smith et al. 4 Long path length
laboratory spectra of N20, s CH4, 6and 03 (Ref. 7) indicate that
both C2H2 lines are free of overlap by weak lines of these
molecules.

The C2H2 line positions, intensities, and lower state energies
for the analysis were taken from the 1982 AFGL trace gas
compilation, s Since, to our knowledge, no measurements of
air-broadened halfwidths of C2H2 have been reported, we
assumed the same dependence with Iml (m = J_ + 1 for R-
branch lines and m ffi -J" for the P-branch lines, where J"
is the lower state rotational quantum number), as measured
for N2 broadening in the (v4 + vs) ° band of 12C2H2.9 These
values are 0.0842 cm -1 atm -1 at 296 K for R9 and, by linear
interpolation, 0.0803 cm -1 atm -1 at 296 K for P13. Since the
background level of the P13 line is affected by strong nearby
lines of H20 and the background level of the R9 lines is af-
fected by strong nearby lines of H20 and COs, these lines were
included in the calculations assuming the parameters listed
in the 1982 AFGL major gas compilation. 1° The position of
the interfering P46 line of the 22202-01101 band of 12C1e02
was changed from the 1982 AFGL value 1° of 3305.0394 cm -1
to the laboratory value 3 of 3304.9482 cm -1. The 1982 AFGL
intensity for this C02 line 1° is in good agreement with a pre-
liminary intensity value determined from laboratory
spectra. 3

In situ measurements indicate very low stratospheric
concentrations of C2H2 at 32°N latitude. 11 Therefore, as a
preliminary estimate, we have assumed that the C2H2 mixing
ratio by volume is constant within the troposphere and that
there are no C2I-I2molecules above the altitude of the tropo-
pause. Spectral data obtained in Feb. 1981 and Oct. 1982
were analyzed with the technique of nonlinear least-squares
curve fitting. Examples of the application of this procedure
to retrieve information about the abundance and vertical
distribution of atmospheric gases from ground-based solar
absorption spectra are given in several recent papers. 12-14
Table I presents the total vertical column amounts and cor-
responding mean tropospheric mixing ratios deduced from
analysis of the solar spectra. The retrieved average tropo-
spheric mixing ratio values of 0.14 and 0.20 ppbv are slightly
lower than ground level mixing ratios of 0.3 ppbv determined
over the Atlantic at 30°N latitude is and 0.4 ppbv determined
over the eastern Pacific at the same latitude. Is Since mea-
surements 11 and calculations 11,17 indicate that the C2H2
mixing ratio decreases with altitude in the troposphere, the
differences between the reported ground level measurements
and our results for the average troposphere above 2.1 km are
reasonable. Results of the fits to the solar absorption spectra
are illustrated in Fig. 2.

R-branch lines near 770 cm -1 of the _5band have been used

previously for spectroscopic measurements of atmospheric
C2H2. Goldman et al. 17 determined a preliminary upper
tropospheric mixing ratio of 25 pptv near 9 km from solar
absorption spectra obtained during a balloon flight from
Holloman Air Force Base near Alamogordo, N.M. (32°N,
106°W). Zander et al. 18analyzed a different set of Kitt Peak
solar spectra than used in the present analysis and determined
a mean C2H2 mixing ratio of 27 4- 6 pptv. It is interesting to
note that this latter value is almost an order of magnitude
lower than derived in the present study. Although some of
this difference is probably due to differences in the methods
of analysis (the equivalent width method was used by Zander
et al. is) and uncertainties in the assumed values for the
spectroscopic line parameters, the pressure-temperature
profile, and the shape of the gas concentration profile with
altitude, its magnitude seems too large to result entirely from
these factors. _ On the other hand, our vertical column
amounts for Feb. 1981 and Oct. 1982 differ by only 14% so that
large variability in the total abundance of atmospheric CsH2
above Kitt Peak is unlikely. We plan to analyze additional
Kitt Peak solar spectra to determine the range of seasonal
variations in the C2H2 vertical column amount.

The C2H2 lines reported here were also confirmed by Coffey
and Mankin 19 from analysis of their stratospheric solar ab-
sorption spectra obtained at 0.06-cm -1 resolution from an
aircraft at 12-kin altitude. While most of the C2H2 lines in
the 3200-3400-cm -1 region are partially or totally overlapped
by other atmospheric lines, the 3250.66- and 3304.97-cm -1
lines are quite isolated and show 3-5% absorption in spectra
obtained with zenith angles of 91-93 °. The nearby P2 HCN
line at 3305.544 cm -1 absorbs ,-_5% in these spectra. Unfor-
tunately, the available aircraft spectra do not allow an accu-
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,90 , I , H2OI ,
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Fig.2. Comparisonbetweenthesolarabsorptionspectrumrecorded
atan averageastronomicalzenithangleof84.85° (solidline)and
least-squaresbestfittothedate(crosses)intheregionoftheR9 line
ofthev2+ _4+ _5bandofC2H2. The measuredspectrumhasbeen
normalized to the highest intensity value in the fitted interval. Lines

Call2 and H20 are identified.
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ratequantitative determination of the C2H2 column amount

or mixing ratio.
The opportunity to compare the current work with the

NCAR aircraftspectra isgreatly appreciated. Research at

the Universityof Denver was supported in partby NASA and

in part by the National Science Foundation. Research at
Battelle Observatory was supported by the Carbon Dioxide

Research Division of the Department of Energy under con-

tractDE-AC06-76RL01830. The National SolarObservatory

isoperated by the Associationof UniversitiesforResearch in

Astronomy, Inc.,under contract with NSF.
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The principle of analog dispersive correlation spectrosco-
..... J :- 1964 z--4It uses a field spectrum (e.g.,

py was XLrS_proposeu ,,, - . ....
the absorption of skylight by a contaminant plumej msperseu

along a focal surface at which an analog mask of alternate

transparent and opaque slits, characteristic of the absorption

spectral features of the contaminant species, is located. The
mask is oscillated mechanically in the dispersion direction,

and the total signal passing through it is focused on a photo-

electric detector. The correlation between the field spectrum
and the mask function is inferred by phase sensitive signal
detection (with respect to the mask oscillation frequency).

After suitable calibration this signal can be interpreted di-

agnostically as a quantitative measure of the concentration

(or column density) of the contaminant in the optical path.

This principle is the basis of commercial correlation spec-
trometers used to monitor plumes of contaminants such as

S02 in the atmosphere.
The purpose of this Letter is to examine using a simple

analytical model the extension of the analog method to re-

trospective correlative interrogation of a digital field spectrum.
with a numerical mask function which can also be specified

in digital terms. Digital recording of atmospheric spectra is
now common. 5 It is far easier to adapt numerically specified
mask functions to the characteristic spectral fingerprints of

contaminant molecular species than mechanically to fabricate

and install suitable analog masks, one for each spectrum of

interest.
If )_ is the wavelength, I(X) is the field spectrum intensity

distribution, and M(),) is the mask function, the correlogram

between I and M when they differ in register in the dispersion

direction by z is

C(z) = fl(k)M(k - z)dk. (1)

Furthermore, if I(X) is the result of optically thin extinction
of a sky spectrum Io(_) by a contaminant slab of path length

X and number density N, then

I()0 ffi Io()_) exp[-NX#(k)] ffi Io(X)[1 - NXa(X)]. (2)

NX is called the column density of absorbers in the slab, and

a(X) is the absorption cross section per molecule.

Equation (1) can be rewritten as
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A SEAECH__OR FORMIC ACID IN THE UPPER TROPOSPHERE: A TENTATIVE IDENTIFICATION OF THE
ll05-cm v6 BAND Q BRANCH IN HIGH-RESOLUTION BALLOON-BORNE SOLAR ABSORPTION SPECTRA

A. Goldman I, F. H. [lurcray I, D. g. Murcray I, and C. P. Rinsland 2
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Abstract. Infrared solar absorption spectra
reco--_ed a-t 0.02-cm-" resolution during a balloon

flight from Alamogordo, N.M. (33°N), on March 23,

1981, have been analyzed for the possible

presence of absorption by formic acid (HCOOH).

An absorption feature at II05 cm -l has been

tentatively identified in upper tropospheric

spectra as due to the v6 band Q branch. A

preliminary analysis indicates a concentration of

0.6 ppbv and - 0.4 ppbv near 8 and IO km,

respectively.

Two recent studies have reported ground-level

measurements of vapor phase formic acid (HCOOH)

in both urban and nonurban environments [Dawson

et al., 1980; Hanst et al., 1982]. Formic acid

has also been identified as a major acidic

component of rain in remote regions [Galloway et

al., 1982]. Because these measurements suggest

that HCOOH may be widely dlstrlbute_ in the

environment, we have examSned O.02-cm-" resolu-

tion solar absorption spectra recorded with a

balloon-borne interferometer for the possible

presence of HCOOH absorption. An absorption

feature has been found in upper tropospheric

scans which agrees well with the position a_d

shape of the v6 band Q branch at 1104.86 cm--.

We report here our analysis which suggests the

possible occurrence of a significant amount of

HCOOH in the upper troposphere. -l

Figures la and Ib show the II00-ii08 cm

spectral region in two scans recorded wlth the

University of Denver Interferometer system. The

spectral data were obtained during a balloon

flight from Alamogordo, N.H. (33°N) on _rch 23,

1981. Each scan w_s acquired in 40 seconds

during sunset from a float altitude of 33.5 ± 0.5

km. The observed features are identified in the

University of Denver stratospheric atlas [Goldman

et al., 1983]. The dominant absorber in this

interval is atmospheric 03. The 03 lines show

maximum absorption in the 93.21 ° scan, in accor-

dance with the well-known mld-stratospheric peak

in the vertical 03 distribution. The _20 lines

increase in strength over the full range of

observed solar zenith angles, as is also expected

from knowledge of the H20 profile.

In the lowest scan, which was recorded at an

astronomical zenith angle of 95.58 ° (tangent

altitude = 7.7 km), a broad absorption feature is

superimposed on the lines near 1105 cm-'. The

pattern of this broad absorption is difficult to

recognize in Figure Ib because of numerous over-

lapping strong lines (of 03). It has been found

that this broad absorption can be studied better

Copyright 1984 by the American Geophysical Union.
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by ratlolng the 95.58 ° spectrum to a higher sun

spectrum with a nearly equal amount of 03 absorp-

tion. In the ratio spectrum, the 03 lines are

then largely cancelled. The 94.71 ° scan (tangent

altitude = 14.7 km) has been found well suited

for this purpose.

Figure 2 compares a laboratory spectrum of

HCOOH (upper plot) and the atmospheric 95.58°/

94.71" ratio spectrum (lower plot). Comparison

with Figures la and Ib shows the O 3 lines are

almost completely removed in the atmospheri_

ratio spectrum; the broad feature near 1105 cm

remains in addition to the lines of H20. The

modulation of the background results from a

complex residual channel spectrum which is not

cancelled completely in the ratioing procedure.

The laboratory spectrum in Figure 2 was recorded
at 0.06-cm- resolution and 22°C [tlurcray and

Goldman, 1981]. Comparison between the strato-

spheric ratlo scan and the laboratory scan

indicates good agreement in the position and the

shape of the ll05-cm -I feature. Figure 3

presents versions of the same spectra convolved

with a triangular response function with a full
width at half maximum of 1.0 cm- . These spectra

show clearer agreement in the stratospheric and
laboratory band shape of the ll05-cm- feature.

The strong residual _20 lines are marked with

asterisks in the atmospheric spectrum.

The I integrated absorption of the broad

ll05-cm- feature in the 9_.58°/94.71 ° atmo-

spheric spectrum is - 0.21 cm A weak feature

also appears with the same position and shape in

the 95.29 ° scan (tangent hel_ht = 9.8 km); an

equivalent width of - 0.Oh cm- has been measured

from the 95.29°/94.71 ° ratio spectrum. A

preliminary estimate for the HCOOH profile has

been derived from these equivalent widths2and__n

integrated Q branch in_ensi_y of - 28 cm arm ,
averaged from - 20 cm- arm- estimated from the

University of Denver laboratory data and - 36
cm arm estimated from other laboratory data

[Maker and Nlki, 1983]. Assuming that no HCOOH

molecules occur above the tropopause height of

10.4 km and that the measured absorption is on

the linear part of the curve of growth, an onion-

peeling inversion yields mixing ratios of " 0.6

ppbv between 7.7 and 9.8 km and - 0.4 ppbv

between 9.8 and 10.4 km (estimated accurate to

within a factor of two). These concentrations

are close to the ground level values measured in

the southwest U.S.A. during clean conditions

[Dawson et al., 1980] but are an order of magni-

tude larger than predicted for the vapor phase in

a recent study of aqueous-phase cloud chemistry

[Chameides and Davis, 1983].

Although the observed shape and close

frequency coincidence support the conclusion that

the observed atmospheric feature is due to HCOOH,
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Fig. I. Solar absorption spectra obtained from a float altitude of 33.5 km during a

balloon fllght from Alamogordo, N.M. (33°N) on March 23, 1981. The scaling for both

scans is the same, but they have been displaced vertically for clarity. The zero

levels are indicated at left. The astronomical zenith angles and tangent heights are

94.71" and 14.7 km for a, 95.58" and 7.7 km for b, respectively.

this identification must be regarded as tentative

because it results from a single, broad feature.

Also, the occurrence of a complex residual

channel spectrum in the data makes it difficult

to be certain that the observed feature ls real.

Unfortunately, it ha_ not been possible to

identify the ll05-cm-- feature in ground-based

solar absorption spectra because ol interference

by a weak, broad water vapor llne near the loca-

tion of the strongest HCOOH abso__ption. The _3

band, centered near 1776.5 cm , also has a

prominent Q branch and is about an order of

magnitude stronger than the ll05-cm -I band.

Unfortunately, in low sun scans this region is

strongly absorbed by H20 lines, as seen on the

currently available balloon-borne scans at the

University of Denver from the 10/10/79 flight.

It is hoped that spectra recorded during a future

balloon flight in that region with higher resolu-

tion and higher slgnal-to-noise will provide an

opportunlty to look for absorption by HCOOH. The

1220-cm -_ HC_OH band, which appears stronger than
the ll05-cm- band in standard chemical infrared

catalogs, has been found to be due to the formic

acid dimer [Maker and Niki, 1983] and therefore

should not be absorbing in the atmosphere.
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Fig. 2. Laboratory and atmospheric spectra in the region__f the HCOOH ll05-cm -I Q

branch. Spectrum a is a laboratory scan recorded at O.06-cm resolution with 1.6 Tort

of HCOOH in a I0 cm path cell at 22°C. Spectrum b was determined from the

point-by-polnt ratio of the 95.58 e and 94.71 ° at_ospherlc scans.
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Fig. 3. Filtered versions of the same laboratory spectrum (a) and atmospheric ratio

spectrum (b) as shown in Figure 2. Water vapor lines are marked with asterisks in

spectrum b.
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QUANTIFICATIONOF HCf FROM HIGH RESOLUTION INFRARED SOLAR SPECTRA OBTAINED

AT THE SOUTH POLE IN DECEMBER 1986

A. Goldman, F.J. Murcray, FoH. Murcray, and D.G. Murcray

Department of Physics, University of Denver

Abstract - Ground-based infrared solar spectra

at 0.02 cm -l resolution obtained at the Amundsen-

Scott South Pole station in December 1986 have

been analysed for the atmospheric content of HCf.

Nonlinear least-squares spectral fitting applied

to the spectra y_elds a tots1 HCf column amount

of (6.4 ± 0.8)xl0 _J molec/cm _, most being strato-

spheric. This amount is larger than that extrap-

olated from earlier results on the latitudinal

distribution of atmospheric HCf.

This Letter reports the determination of HC1

total column amount above the South Pole, from

ground based solar spectra observations made at

the Amundsen-Scott station (altitude 2.85km) in

December 1986, by F.J.M. andiF.H.M. The spectra
were recorded with a 0.02 cm- resolution Michel-

son type interferometer, the same system used to

record many balloon-borne, ground based and lab-

oratory spectra by the University of Denver atmo-

spheric spectroscopy group. The South Pole solar

spectra were obtained during November 26 - Decem-

ber 3, 1986 and covered large portions of the 3-

15 _m region. The nearly constant solar zenith

angle allowed the co-addlng of several spectral

scans from a single day for improved signal to

noise ratio. The data analysis methods and spec-

troscopic data base used are similar to those

used previously [Goldman et al., 1983, Goldman et

al., 1986], applying nonlinear least-squares

spectral fitting for the quantification of HCf.

Radiosonde ascents from the South Pole (kindly

provided by NOAA, Boulder, Colorado) were used to

establish the atmospheric temperature-pressure

profiles.

Figure I shows a typical analysis of the 2923-

2929 cm -l region, which is dominated by strong

CH 4 lines with some _ak H20 lines, surrounding
the quite isolated H_CI El llne at 2925.9 cm -_.

For the present analysis, the CH 4 line parameters

were updated [Rothman et. al., 1987], but for

consistency of comparisons with other recent

studies, the previous HCf line parameters were

retained (however, the updated HCI parameters

lead to only IZ decrease in the column amount).

The residual phase distortions, not fully

accounted for by the fitted synthetic spe_trum,

required a more specific fitting for the H_JC1 R1

line over a narrower interval. This is present-

ed in Figure 2, which also shows a small asymmet-

ry in the spectral profile (probably due to

incomplete adjustment of the instrument). The

narrow interval analysis (with larger weight

assigned to the high wavepumber half of the llne)

Copyright 1987 by the American Geophysical Union.
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yields a total HCl c_lumn amount of (6.4 ±
0.8)x1015 molec/cm , most of which is

stratospheric, as concluded from spectral fit-

tings with various HCI and temperature-pressure

profiles [Goldman et. al., 1986]. The HCf in

these spectra being mostly stratospheric could

have been expected for a high observation point

in a low tropopause region such as the south

pole. However, the sensitivity of the current

spectra (at 0.02 cm -I resolution and a single

solar zenith angle) to the altitude distribution

of HCf is limited [Goldman et. al., 1983].

Several other HCf lines are quite isolated o_he

South Pole spectra, such as the R1 and P2 H_JCI

lines, and these lead to practically the same HCf

column amounts. The complete set of the South

Pole solar spectra in the 3_m region, collected

during the week of the measurements,shows no

significant change in the HCf amounts.

This is the first HCf measurement reported

from the South Pole and is of particular interest

to current studies of the chemistry and dynamics

of the Antarctic atmosphere. Previous measure-

S. POLE
1.0 67 .87°

>..

HCL DEC. 3-86

t
NCI
B1

, ,

_.926.2
0.0
_923.1 2929.4

WAVENUMBER (cm-')

Fig. I. Solar spectrum (dotted llne) obtained

from the South Pole on December 3, 1986 and

nonlinear least-squares fit (solid llne) in the

2923-2929 cm -l region. The amplitude is the

measured signal, normalized to the maximum

envelope value over t_e interval. The marked
feature at 2925.9 cm-" is the (0-I) H35CI RI

llne. The solar zenith angle was fixed at

67.87 ° .
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HCL
1.0 67.87 °
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DEC. 3-86 S. POLE

• ....., e •

-V-

0._ I e i e I i e i 1

2925.60 2925.90 2926.20

WAVENUMBER (cm'*)

Fig. 2. Nonlinear least-squares fit of the
H35C1 R1 absorption line at 2925.9cm -1 in the

solar spectrum of Fig. 1. The amplitude is plot-
ted on a transmittance scale. The total HCI

column amount of t_e fitted profile is
(6.4,0.8)x16 _ molec/cm .

merits and assessments [Mankln et. al., 1983,

Molina et. al., 1985] of the latltudlnal depend-

ence of stratospheric HCl show total colu_

values above 12km increasln 8 from 0.7x10 "_
molec/cm 2 near the equator, to 2.7xl0_Ymolec/c_

o £_
at 70 N, with an extrapolated value of 3.4x10
molec/cm 2 at 90°N. South latitude measurements

[Girard et. al., 1983] of HC1 colu_ above ll_km

show values in_;easing frow 0.8xl0 "_ molec/cm" at

l°S to 2.7x10 _ molec/cm z at 60°S, implying a

symmetrical North-South distribution for these
latitudes. While there are unresolved difficult-

ies in assessing the tropospheric HC1 content and

variability, it has been established that most of

the HC1 total column is stratospheric, and that

it has been increasing with time, at an annual

rate of 5% per year.

The present result for the column amount of

HC1 above the South Pole is larger than the

extrapolated values from the northern or southern

latitude's results, even if we assume a temporal

increase of 5% per year as has been reported by

Mankin et al [1983]. It is probably characteris-

tic of the Antarctic atmosphere at the end of the

period of the spring ozone depletion.

Work is in progress on the quantification of

several other atmospheric trace constituents

observable in the 1986 South Pole Solar spectra

reported here. Further measurements need to be

made for monitoring HCl and other species during

the ozone depletion periods.
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